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Abstract
Experimental investigations of structurally-dictated surface waves supported by peri-
odically textured metallic substrates with different symmetries, are the primary focus
of the work presented in this thesis. The electromagnetic response of three near per-
fectly conducting substrates perforated with arrays of holes with different geometries,
together with a low-profile high-impedance structure are characterised. Experimental
measurement techniques are employed to record the transmission, and reflection from
the structures under investigation, together with phase-resolved measurements to di-
rectly obtain the dispersion of the surface waves supported by these structures. From
these measurements information about the nature of the surface modes supported by
the structures under investigation can be observed.
A study of diffractively coupled surface waves supported by a close-packed array
of square cross-section, close-ended holes in the limit where the wavelength of incident
radiation and periodicity of the hole array are comparable, is presented. An additional
grating, which has a periodicity comparable to the hole array is used to control the
strength of diffractive coupling to the mode. Using a free-space measurement technique,
information about the dispersion of the modes supported by the structure is obtained
by recording the azimuthal-dependent reflection from the structure. It is found that the
relative positions of the hole array and ‘coupling-in’ grating is significant, a key issue
not addressed in the literature when investigating grating-coupling to surface modes.
Good agreement with numerical predictions is demonstrated.
Structurally-dictated surface waves on a metallic substrate pierced by a close-packed
array of deep, rectangular holes is characterised. In this arrangement, the fundamental
resonance in the holes in the orthogonal directions is different and the frequency therefore
to which the dispersion of the surface waves supported by the structure is limited,
varies with sample orientation. The anisotropic dispersion, resulting from an ellipsoid of
limiting frequencies, is directly mapped using a phase-resolved measurement technique.
Furthermore by exploiting the anisotropy of the unit cell, a family of higher order surface
waves associated with the quantisation of the electromagnetic fields within the holes is
explored in this chapter. Once again good agreement with numerical predictions is
shown.
ii
The ‘enhanced transmission’ recorded through a ‘zigzag’ hole array, attributed to the
excitation of diffractively coupled surface waves, is explored. Due to the specific sym-
metry of the unit cell of the zigzag hole array it is shown that coupling to these surface
waves can be achieved with both transverse magnetic and transverse electric polarised
incident radiation. Further, incident radiation can directly couple to the surface modes
supported by the zigzag hole array, via scattering from its inherent in-plane periodicity.
The observed polarisation-selective excitation of individual surface wave bands, agrees
well with numerical predictions and is shown to be a direct consequence of the reduced
symmetry of the system.
Finally, the dispersion of the modes supported by an ultra-thin, high-impedance
surface in the form of a Sievenpiper ‘mushroom’ structure, with rectangular geometry
is directly recorded. The behaviour of the Sievenpiper structure is rather complex and
to aid understanding of the electromagnetic response of the structure, the results are
compared with the modes supported by a simpler patch array structure. The anisotropy
arising from the rectangular geometry is characterised and an in depth discussion of the
origin of the modes presented.
iii
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Chapter 1
Introduction
1.1 Aim of Research
The electromagnetic (EM) response of metals at low frequencies is dominated by their
high conductivities, such that in general, they can be regarded as near-perfect electrical
conductors and cannot support bound surface modes. However, adding texture to the
surface of a near-perfect conductor can greatly alter the electromagnetic boundary con-
ditions at the surface, such that, even in the region of the EM spectrum where fields are
almost completely excluded from the metal, bound EM surface states can be induced.
This concept was first extensively studied around the 1950s [7–11] and later by Culter
[12]. More recently, Pendry and his co-workers [3, 4] revisited the study of surface waves
on corrugated metals by connecting the earlier work of radar engineers in the mid-20th
century with the study of surface waves in the optical regime (known as surface plasmon
polaritons (SPPs)), thus opening up the field of plasmonics to the low frequency domain.
Pendry et. al proposed that a perforated surface of a highly conducting substrate can
support surface plasmon polariton (SPP)-like modes, the dispersion of which can almost
arbitrarily be scaled to any frequency through structure rather than material composi-
tion. The 2D version of which is similar to, but much thicker than, that analysed by
Ulrich and Tacke [13] in earlier work, with the addition of a lossless dielectric material
inside the cavities which acts to reduce the cutoff frequency for light propagating in
the holes. The experimental verification of the concept introduced by Pendry et al.
soon followed [2], thus igniting the interest these geometrically induced surface modes
supported at low frequencies, commonly referred to as ‘designer’ or ‘spoof’ surface plas-
mons. Subsequently a wealth of studies followed, the details of which will be discussed
throughout this thesis.
The work presented in this thesis focuses on the experimental investigation of structurally-
dictated or ‘designer’ surface waves supported by periodically textured metallic (pseudo-
plasmonic) structures in the microwave regime. It is from the study of Hibbins et al. [2]
that the work in this thesis follows, however, the concept of pseudo-plasmonic surfaces
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at microwave frequencies is extended to include structures with a high degree of surface
anisotropy. Through the work discussed in this thesis, it has been shown that increasing
the anisotropy of a structure through the modification of the shape and/or arrange-
ment of the constituent subwavelength elements allows access to modes and phenomena
unavailable in structures with higher symmetry.
1.2 Thesis Outline
The work presented in this thesis details the experimental investigation in the microwave
regime of structurally-dictated surface waves supported by periodically textured metallic
substrates, the properties of which, are determined by the geometry of the structure.
With the primary focus on surface waves supported by near-perfectly conducting
substrates perforated with arrays of holes, three different geometries are considered.
Initially an array of square cross-section holes are investigated, however the concept
of structurally-dictated surface waves is extended to include structures with a higher
degree of surface anisotropy; arrays comprising holes with a rectangular cross-section
and a novel ‘zigzag’ geometry are also characterised. Finally, the anisotropy arising
from the rectangular geometry of a low-profile structure commonly referred to as the
Sievenpiper ‘mushroom’ structure, is explored.
The background theory for surface waves is presented in Chapter 2; where a brief
summary of the properties of surface plasmons polaritons (SPPs) supported by metals at
optical frequencies is presented, before ‘spoof’ surface plasmons supported by textured
metallic structures at microwave frequencies are discussed.
Details of the method used to simulate the electromagnetic response of the structures
under investigation in this thesis are presented in Chapter 3, together with the tech-
niques employed to obtain the experimental data. The apparatus upon which free-space
microwave reflection and transmission measurements are performed is discussed, as well
as details of the blade-coupling and phase-resolved measurement techniques employed
to directly record the dispersion of surface modes.
In Chapter 4, a thorough study of diffractively coupled surface waves supported
by a close-packed array of square cross-section close-ended holes is presented. This
study is particularly concerned with the limit where the wavelength of incident radiation
and periodicity of the hole array are comparable. An additional grating, which has a
periodicity comparable to the hole array, is used to control the strength of diffractive
coupling to the mode. Information about the dispersion of the modes supported by
the structure is obtained by recording the reflection from the structure using a free-
space measurement technique. It is found that the relative positions of the hole array
and ‘coupling-in’ grating is significant, a key issue not addressed in the literature when
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investigating grating-coupling to surface modes.
Structurally-dictated surface waves on a metallic substrate pierced by a close-packed
array of deep, rectangular holes is characterised in Chapter 5. In this arrangement, the
fundamental resonance in the holes in the orthogonal directions is different and the fre-
quency therefore to which the dispersion of the surface waves supported by the structure
is limited, varies with sample orientation. The anisotropic dispersion, resulting from an
ellipsoid of limiting frequencies, is directly mapped. Blade-coupling techniques are used
to excite the modes and phase resolved measurements to determine their dispersion.
Furthermore, by exploiting the anisotropy of the unit cell, a family of higher order sur-
face waves associated with the quantisation of the electromagnetic fields within the holes
is also explored in this chapter.
In Chapter 6 the ‘enhanced transmission’ recorded through a ‘zigzag’ hole array
attributed to the excitation of diffractively coupled surface waves is explored. Due to
the specific symmetry of the unit cell of the zigzag hole array it is shown that coupling
to these surface waves can be achieved with both transverse magnetic and transverse
electric polarised incident radiation. Further, incident radiation can directly couple to
the surface modes supported by the zigzag hole array, via scattering from its inherent
in-plane periodicity. Of particular interest in this chapter however, is the observed
polarisation-selective excitation of individual surface wave bands, the behaviour of which
is shown to be a direct consequence of the reduced symmetry of the system.
The final experimental results are presented in Chapter 7. In this chapter the dis-
persion of the modes supported by an ultra-thin, high-impedance surface in the form
of a Sievenpiper ‘mushroom’ structure, with rectangular geometry are directly recorded
using the same techniques as in Chapter 5. The behaviour of the Sievenpiper struc-
ture is rather complex and to aid understanding of the electromagnetic response of the
structure, the results are compared with the modes supported by a simpler patch array
structure. The anisotropy arising from the rectangular geometry is characterised and
an in-depth discussion of the origin of the modes presented.
Finally in Chapter 8 conclusions are made and suggestions for future study are
presented.
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Background Theory
2.1 Introduction
The electromagnetic (EM) response of metals at low frequencies is dominated by their
high conductivities, such that in general, they can be regarded as near-perfect electrical
conductors and cannot support bound surface modes. However, adding texture to the
surface of a near-perfect conductor can greatly alter the electromagnetic boundary con-
ditions at the surface, such that, even in the region of the EM spectrum where fields are
almost completely excluded from the metal, bound EM surface states can be induced.
The focus of the work presented in this thesis is exclusively that of surface waves
supported by periodically textured structures in the microwave regime. Recently Pendry
[3] revisited the study of surface waves on corrugated metals by connecting the work
of radar engineers in the mid-20th century [9, 11] with the study of surface waves in
the optical regime (known as surface plasmon polaritons (SPPs)). In doing so, these
geometrically induced surface modes have since become known as ‘designer’ or ‘spoof’
surface plasmons modes, the dispersion of which can almost arbitrarily be scaled to any
frequency through structure rather than material composition.
A general understanding of surface waves supported at the interface between a metal
and dielectric is required before looking into the specifics of the surface waves supported
by structures at low frequencies. An overview of surface waves is presented in Section
2.2, whilst a discussion of ‘spoof’ surface plasmons and an overview of waveguide modes
is presented in Section 2.3.
2.2 Surface Waves
Surface waves are electromagnetic modes with fields localised at the interface between
a metal and dielectric. In 1941 Fano [14] investigated a trapped EM wave travelling
by total internal reflection within a glass overlayer of finite thickness on a metallic
substrate, he derived an equation relating the thickness of the glass overlayer to the
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normal and tangential components of the wavevector of the trapped wave solution.
Upon studying the system in the limit of the thickness of the glass overlayer tending
to zero, he discovered that a single valid solution for Maxwell’s equations remained, in
which a wave travelled along the surface, bound with fields that decay exponentially into
the bounding media (what later became known as a ‘surface plasmon polariton’ (SPP)
[15]). From this, the study of SPPs has progressed to the point where the phenomenon
is well understood [16].
A surface plasmon is a longitudinal oscillation of surface charge at the interface
between a metal and a dielectric, which when coupled to by incident radiation is known
as a surface plasmon polariton. The mode is a ‘trapped’ surface wave which decays
exponentially away from the interface into the bounding media. Transverse magnetic
(TM), (or p-polarised) radiation is required to excite a SPP on a planar surface since
the incident electric vector needs to have a component normal to the interface in order
for the required polarisation charge to be generated.
Due to the frequency-dependence of the dielectric function of the metal, when mov-
ing from the visible to GHz regime, the properties of surface waves do not scale with
wavelength. At low frequencies, the electromagnetic response of metals is dominated
by a large imaginary and large (negative) real part of the permittivity, resulting in long
propagation distances of the mode but weak localisation of the field at the surface.
In other words, the surface does not serve to localise the energy associated with the
phenomena, rather it serves to guide the wave. Early investigations into these guided
waves were reported by Zenneck in 1907 [17] who found that Maxwell’s equations had
a solution corresponding to a wave coupled to an interface bounded by a dielectric (air)
and a medium with finite conductivity (salt). Soon after, Sommerfeld published work
in which the propagation of radio waves along the surface of the earth were investigated
[18].
It was not until the 1940s and the advent of radar development during World War II
that microwave theory and technology received substantial interest. From these studies
it was shown that surface roughness or dielectric layers could be used to bind a wave
propagating at the interface between a metal and dielectric over-layers at low frequencies,
decreasing the velocity of the wave [7–12]. The former method (surface roughness) will
be discussed exclusively within this thesis. More recently Pendry [3] re-ignighted interest
in the field of surface waves supported by periodic structures, introducing the concept
of ’spoof’ or ‘designer’ surfaces waves. Pendry et al. showed that one can mimic the
behaviour of surface plasmon polaritons for frequencies far below the plasma frequency
by structuring the surface of perfect conductor (i.e. one with finite conductivity).
Although the focus of the work presented in this thesis is exclusively in the microwave
regime, a general understanding of surface plasmons is required before looking into the
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specifics of the surface waves supported by periodic structures at low frequencies.
2.2.1 The Dispersion of Surface Plasmon Polaritons Propagating on a
Planar Surface
kI kR
kT
1
2
EI ER
ET
x
z
(a)
Figure 2.1: A schematic representation of radiation with wavevector kI incident
on an interface bounded by two media characterised by permittivites 1 and 2.
For a planar interface between two semi-infinite, isotropic non-magnetic media, the
normal component of the electric displacement D must be continuous across the inter-
face. The electric displacement D is related to the electric field E via the following
expression
D = r0E, (2.2.1)
where r and 0 are the dielectric constant and permittivity of free space, respectively.
Hence if the lower medium (grey shaded region Fig. 2.1) is metal (i.e. r is negative at
visible frequencies) and the upper medium (unshaded region Fig. 2.1) is a dielectric (i.e.
r is positive), the normal component of E must change direction at the interface to
fulfill the continuity requirement of D. It is this discontinuity in the normal component
of E that ‘traps’ the polarisation charge at the surface.
Figure 2.1 shows the reflected and transmitted beam for TM propagating light with
wavevector k = (kx, ky, 0) incident upon the interface. The electric and magnetic fields
have the forms
E = [Ex, 0, Ez]exp(i(kxxˆ+ kz zˆ − ωt)), (2.2.2)
and
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H = [0, Hy, 0]exp(i(kxzˆ + kz zˆ − ωt)), (2.2.3)
where ω is the angular frequency and t is time.
Applying Maxwell’s equation
∇×H = ∂E
∂t
, (2.2.4)
results in
Hy =
ωEx
kz
=
−ωEz
kx
. (2.2.5)
Combining equation 2.2.5 with the field equations 2.2.2 and 2.2.3 results in the
following equations for the incident, reflected and transmitted field.
EI = EIx[1, 0,−
kx1
kz1
]exp(i(kx1xˆ+ kz1zˆ − ωt)) (2.2.6)
ER = ERx [1, 0,+
kx1
kz1
]exp(i(k1xxˆ− kz1zˆ − ωt)) (2.2.7)
ET = ETx [1, 0,−
kx2
kz2
, 0]exp(i(kx2xˆ+ kz2zˆ − ωt)) (2.2.8)
HI = EIx[0,+
ω1
kz1
, 0]exp(i(kx1xˆ+ kz1zˆ − ωt)) (2.2.9)
HR = ERx [0,−
ω1
kz1
, 0]exp(i(kx1xˆ− kz1zˆ − ωt)) (2.2.10)
HT = ETx [0,
ω2
kz2
, 0]exp(i(kx2xˆ+ kz2zˆ − ωt)) (2.2.11)
The SPP is a non-radiative mode, i.e. a ‘trapped’ surface wave, it is therefore possible
for the incident field to be set to zero. Further, the tangential boundary condition
state that the tangential components of both the electric and magnetic fields must be
continuous across the interface.
ERx = −ETx (2.2.12)
and
Hy = E
R
x
1ω
kz1
= −ETx
2ω
kz2
(2.2.13)
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Combining equations 2.2.12 and 2.2.13 results in
1
kz1
= − 2
kz2
. (2.2.14)
Conservation of tangential momentum requires the in-plane wavevector to be con-
served at a planar boundary kx1 = kx2 = kx. Therefore the z-component of the wavevec-
tor in medium m may be expressed as
kzm =
√
mk20 − k2x, (2.2.15)
where k0 = ω/c. The dispersion relation relating the angular frequency of the field,
ω, to the wavevector along the interface is obtained by substituting equation 2.2.14 into
equation 2.2.15
kSPP = kx = k0
√
12
1 + 2
. (2.2.16)
2.2.2 The Properties of Surface Plasmon Polaritons on Planar Surfaces
The response of a metal is characterised by its frequency-dependent permittivity or
‘dielectric function’. Hence equation 2.2.16 becomes
kSPP = kx = k0
√
12(ω)
1 + 2(ω)
, (2.2.17)
where 2(ω) is the frequency-dependent dielectric function of the metal and 1 is
the permittivity of the bounding non-conducting media. The permittivity of the metal
2(ω) can be approximated by the Drude model [19] for the free electron gas as shown
in the following expression
2(ω) = 1−
ω2p
ω2 + iωγ
, (2.2.18)
where ω is the angular frequency, γ is the average rate of collision of free electrons
with the lattice, and ωp is the natural frequency of the bulk conducting electrons, i.e.
the ‘plasma frequency.’ The bulk plasma frequency for metals typically occurs in the
ultraviolet part of the spectrum, below which the permittivity is negative.
Using the Drude model to examine the frequency-dependence of the real (′) and
imaginary (′′) parts of the permittivity [20] for the metal, it can be seen that the
negative real part of the permittivity increases with wavelength. Whilst at visible fre-
quencies, both the real and imaginary part of the permittivity are small, both increase
(the negative real part and the positive imaginary part) through the THz frequencies
to approach ∼ 104 for the real part and increasing to ∼ 109 for the imaginary part at
8
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r+1
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Figure 2.2: (a) Schematic representation of the dispersion curve of a SPP (red
line), supported at the interface between air and a Drude-like metal, illustrating
the nature of the mode as a function of angular frequency (ω) and in-plane mo-
mentum (kx) parallel to the interface at which the surface wave propagates. (b)
Schematic representation of the electric field vectors of a SPP at the interface
between a Drude-like metal and a dielectric. (c) The exponential decay of the Ez
component away from the surface.
microwave frequencies.
Substituting equation 2.2.18 into equation 2.2.17 yields the dispersion relation for
a SPP, a schematic representation of which is shown in Figure 2.2 (a). Assuming the
dielectric medium is air, the frequency at which the real part of the dielectric function
of the metal is equal but opposite in sign to the real part of the dielectric function of the
dielectric, occurs when the limiting frequency of the dispersion of the mode is obtained,
i.e. the surface plasma frequency at ωSPP = ωp/
√
r + 1 (where ωp is the bulk plasma
frequency of the material). The dispersion of the SPP closely follows the light line at
low frequencies and is said to be ‘photon’ like, i.e. it mimics the behaviour of a grazing
9
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photon, whilst at higher frequencies it asymptotically approaches its limiting frequency
defined by ωSPP. Note the light line is actually at light cone, a slice through which has
been shown in Figure 2.2.
Since kSPP > k0 (as illustrated in Fig. 2.2 (a)) to couple radiation to this surface
oscillation additional momentum is required. A general review of momentum matching
techniques can be found in Ref [1]. Additionally, grating coupling to surface waves will
be discussed in more detail in Section 2.2.3 of this thesis.
The permittivity of the metal can be related to the real (σ′) and imaginary (σ′′)
parts of the conductivity via the following equations
σ
′
= ω0
′′
, (2.2.19)
σ
′′
= ω0(
′ − 1). (2.2.20)
From equations 2.2.19 and 2.2.20, it can be seen that the real part of the conductivity
is large (positive) at microwave frequencies, whilst the imaginary part is almost zero,
hence metals can be approximated as near-perfect electrical conductors (PEC) in this
regime.
2.2.2.1 Penetration Depth
The fields associated with a SPP excited at the interface between a dielectric and metal
will decay exponentially away from the surface into both bounding media. A useful mea-
sure of this decay is the skin depth, Lz, defined as the distance at which the amplitude
of the field has decayed to 1/e of its maximum value at the surface.
It has been shown that the momentum of the SPP is greater then the maximum
available momentum from an incident photon. From equation 2.2.15 therefore it can be
concluded that kzm for SPPs must be purely imaginary. Substituting equation 2.2.16 in
to equation 2.2.15 yields the following expression for kz
kzm = ±k0
√
2m
1 + 2
, (2.2.21)
where the subscript m denotes the medium in which kzm is being determined (m =
1, 2).
This expression may be simplified for the case under consideration with medium
m = 1 being a non-absorbing dielectric, Re(1) > 0 and Im(1) = 0, and medium
m = 2 a lossy metal, Re(2) < 0 and Im(2) > 0. In the case where the metal is highly
conducting we also have the considerations |Re(2)| >> 1 and |Re(2)| >> Im(2).
Under these conditions, equation 2.2.21 simplifies to,
10
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kzm = ±k0
√
Re(m)2
Re(2)
. (2.2.22)
The penetration depth is then given by:
Lzm = 1/kzm =
λ0
2pi
√
|Re(2)|
|Re(m)2| . (2.2.23)
The field at the surface, and this associated exponential decay of the SPP fields in
the z direction, is shown schematically in Figure 2.2 (b) and (c) for an SPP in the visible
regime. In the limit of 2 → ∞, i.e. a perfect metal, equation 2.2.23 shows that the
penetration depth into the dielectric becomes infinite, and penetration into the metal
becomes zero. As such, at microwave frequencies, there is no localisation of the fields
at the interface between the metal and dielectric, therefore the surface mode resembles
a grazing photon.
2.2.2.2 Propagation Length
The propagation length of the SPP along the surface is defined in a similar manner to
the penetration depth of the SPP into the bounding media, as in the previous section.
The propagation length is defined as the length at which the field intensity falls to 1/e
of its maximum value. The imaginary part of kx is given by:
Im(kx) =
k0 Im(2)
2Re(2)
2
(
1Re(2)
1 + Re(2)
)3/2
. (2.2.24)
The propagation length, Lx is given by:
Lx = λ0
Re(2)
2
2piIm(2)
(
1 + Re(2)
1Re(2)
)3/2
. (2.2.25)
2.2.3 Grating Coupling to Surface Waves
Direct coupling of free space radiation to a SPP on a planar surface is not possible
due to the momentum mismatch between an incident photon and that of the mode i.e.
kSPP > k0. In this section, grating coupling to surface modes supported by periodic
structures will be presented. Whilst only scattering from a singularly periodic structure
will be discussed, the concept is easily extended to include the effect of a dual period
grating, a full discussion of which is presented in Chapter 6 of this thesis, and in Refs.
[21–23].
A schematic representation of the periodic structure, the scattering of radiation
from which is discussed in this section, is shown in Figure 2.3. The polar angle (θ) of
an incident wave is measured from the normal (dotted line) to the plane of the grating,
11
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Figure 2.3: A schematic representation of the periodic structure (of pitch λg)
under consideration, were h defines the depth of the grooves. The co-ordinate
system is also shown.
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Figure 2.4: The surface wave dispersion curve for a periodic structure of pitch
λg. The solid and dashed black lines represent the non-diffracted light lines and
surface wave dispersion, respectively. The solid and dashed red lines represent
the light lines and surface wave dispersion curve scattered from ±kg.
whilst the azimuthal angle (φ) is defined between the plane of incidence and the grating
vector. The polarisation of the incident radiation is defined with respect to the plane of
incidence; when the electric vector of the incident radiation is contained within the plane
of incidence (i.e. the plane containing in the incident wavevector), the wave is described
as being p-polarised or transverse magnetic (TM), whilst a s-polarised or transverse
electric (TE) wave is characterised by an electric vector perpendicular to the plane of
incidence.
The mechanism for diffractive coupling to surface modes supported by the periodic
structure can best be understood by considering the effect that the corrugation has on
12
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+1
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Figure 2.5: A two dimensional representation in reciprocal space of the surface
modes and light circles produced by a periodically textured surface. The solid
and dashed black lines represent the maximum momentum available to an incident
photon, and the dispersion of the non-diffracted surface mode, respectively. The
solid and dashed red lines represent the diffracted light circles and surface wave
dispersion scattered from ±kg. The arrows represent the coupling between a
photon incident at polar angle θ and azimuthal angle φ to a surface wave that
propagates at angle β to the grooves of the grating (reproduced from [1]).
the dispersion of the surface mode. A schematic representation of which is shown in
Fig. 2.4 for when the plane of incidence contains the grating vector (i.e. φ = 0◦). The
light lines (solid black lines) represent the maximum momentum available to an incident
photon, and the low wavevector region which they bound (non-shaded region Fig. 2.4)
is commonly referred to as the ‘radiative region’. The radiative region is one in which
freely propagating radiation can directly couple to modes supported in this region, i.e.
modes in this region may be radiatively coupled to, or may radiatively decay. However,
as discussed previously, the momentum of a SPP supported at optical frequencies at
the interface between a metal and dielectric, is greater than that of an incident photon
(kSPP > k0), the dispersion of which is represented by the black dashed lines in Fig.
6.11. This lies to the high wavevector side of the light line in the ‘non-radiative’ region
i.e. one in which freely propagating radiation cannot directly couple to modes supported
in this region (shaded region Fig. 6.11).
The periodicity of the surface allows scattering of the incident light in a direction
normal to the surface modulation at integer numbers of the grating vector kg (where
kg = 2pi/λg and λg is the pitch of the grating). These scattered waves are the diffracted
orders produced by the surface. If the momentum of a diffracted order is greater than the
13
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maximum allowed momentum in the incident medium, the order will not propagate and
instead will become evanescent. The evanescent fields have greater in-plane momentum
than the incident photons and are able to excite the surface modes beyond the light line,
giving the following condition when the grating is in classical mount (i.e. φ = 0◦):
kSPP = nk0sinθ ±Nkg, (2.2.26)
where kSPP is the wavevector of the surface mode, θ is the angle of incidence as
defined previously, hence k0sinθ is the in-plane wavevector of the incident light, n is the
refractive index of the incident medium and N is an integer.
The periodicity of the structure can be represented by a line of points in reciprocal
space (Fig. 6.11), the spacing between which is governed by the grating wavevector kg.
The surface mode and light lines are scattered from the series of points representing
integer numbers of the grating vector. The surface modes and light lines scattered from
±kg are represented by the dashed and solid red lines respectively. Since the dispersion
curve of the scattered surface mode (red dashed line) lies to the low wavevector side
of the light line, the surface mode may be directly radiatively coupled to by incident
radiation.
Unlike for the surface mode supported by a planar system, the periodic structure
in the x-direction breaks the symmetry, and the dispersion of the mode is no longer
identical in all directions of reciprocal space. However, radiation incident at non-zero
azimuthal angles can still be coupled to by diffraction caused by scattering from the
periodicity in the x-direction. For azimuthal angles other than φ = 0◦, kSPP, k0 and kg
are no longer co-linear. The momentum matching condition becomes
k2SPP − k2g = k20sin2θ − 2k0kgsinθcosφ. (2.2.27)
Schematically this is represented in Fig. 2.5, which shows a slice through the dis-
persion curve in the kx − ky plane for a constant ω. The solid black circle, of radius
n1k0, represents the maximum momentum available to an incident photon, whilst the
dashed black line, defining a circle of radius kSPP, is indicative of the momentum of the
surface mode. Since kSPP > n1k0, radiative coupling to the surface mode can not be
achieved. The solid and red curves, centred at ±kg represent the scattered light circle
and surface mode respectively. The scattered surface mode now lies within the radiative
region (white region bounded by the circle with solid black outline) and can be coupled
to by incident radiation.
Note however, an important consequence of using a periodic grating is that for
azimuthal angles between 0◦ and 90◦, both TM and TE polarised radiation can excite a
surface wave as it is possible for both polarisations to have a component of the electric
14
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vector normal to the interface.
2.2.3.1 Band Gaps
+ + +− − −
(a)
+ + +
− −
(b)
Figure 2.6: Schematic representation of standing wave field solution for (a)
low frequency solution and (b) high frequency solution on a sinusoidal gratings.
The field lines in (b) are more distorted therefore correspond to the higher energy
mode.
Analogous to the electron standing waves formed at Brillouin zone boundaries or vi-
brational modes of a solid rod, a corrugated metallic surface can support SPP standing
waves [24, 25]. Consider a SPP propagating on a corrugated surface with the direc-
tion of propagation being normal to the grooves; when the SPP encounters a counter-
propagating SPP with equal energy but equal and opposite momentum, two different
SPP standing waves typically occur, the nodes and anti-nodes of which are shifted spa-
tially by λ/4 in space with respect to each other.
An example of the field distributions of the two different standing wave solutions
of period λg is shown in Fig. 2.6. The field lines are more distorted in Fig. 2.6 (b)
with respect to those in Fig. 2.6 (a), therefore Fig. 2.6 (b) corresponds to the higher
energy solution and Fig. 2.6 (a) the lower energy solution. Due to the different field
distributions (energies) of the two standing wave solutions, an energy band in which
the propagation of surface waves is forbidden will open up in the dispersion relation of
the modes, whenever two modes intersect, i.e. every kg/2. The size of the band gap
is determined by the grating profile and curvature of the modes dispersion. A purely
sinusoidal grating that has no higher order harmonics (i.e. second periodicity) will still
exhibit a band gap at kx = 0, however the gap will be much smaller because the process
requires two consecutive kg scattering events which is less probable than a single 2kg
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scatter. Further discussion of band gaps in the dispersion of surface waves is presented
in Chapter 4, Chapter 5 and Chapter 6).
2.3 ‘Spoof’ Surface Plasmons
As discussed previously, in the low frequency limit metals behave as near perfect conduc-
tors and an air/metal interface cannot support a mode with a dispersion of the plasma
form. Adding subwavelength texture to a near-perfect conductor can greatly alter the
electromagnetic boundary conditions at the surface, to the extent that a bound surface
mode can be supported even in the limit where the PEC condition is assumed to be
valid. This concept was first extensively studied in the 1950s by Barlow and Cullen [9]
and later by Cutler [12]. More recently Pendry, and his co-workers [3, 4] opened up the
field of plasmonics to the low frequency domain, proposing that a perforated surface of
a highly conducting substrate can support surface plasmon polariton (SPP)-like modes.
The 2D version of which is similar to, but much thicker than, that analysed by Ulrich
and Tacke [13] in earlier work, with the addition of a lossless dielectric material inside
the cavities which acts to reduce the cutoff frequency for light propagating in the holes.
The field of ‘spoof’ or ‘designer’ surface plasmons has advanced significantly since
Pendry’s original proposal, with the first experimental verification of the concept at
microwave [2] and terahertz [26] frequencies soon following. The early studies analysing
spoof SPPs considered simple planar geometries [4–6, 27–31], with more complex waveg-
uiding schemes exploiting these surface EM modes being subsequentially proposed the-
oretically [32–36]and realised experimentally [37–47]. In the aforementioned studies,
the design of the structures is such that deep subwavelength transverse confinement
of microwaves or THz are observed, whilst long propagation distances are maintained;
modal characteristics unobtainable using untextured structures at these wavelengths.
More recently the spoof plasmon concept has been proposed as a route to achieve di-
rectional beaming [48], broadband transparency [49] and nonreciprocal transmission of
EM radiation [50].
2.3.1 Effective Surface Plasma Frequency
In the limit of the incident radiation being insensitive to the details of the structure, the
structured layer can be described using an effective medium approximation; the layer
is assigned an effective permittivity eff [51, 52]. The effective frequency-dependent
dielectric function behaves as a metal described by a Drude-like response with a signifi-
cantly reduced plasma frequency. The limiting frequency of these geometrically-induced
surface modes is often referred to as the ‘effective surface plasma’ frequency. In the
effective medium picture, an evanescent field penetrates into the structured material,
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i.e. the voids or hollows of the structure, thus creating an effective penetration depth,
binding the mode to the surface of the structure. The effective medium approximation
of the response of a 1D array of grooves, Sievenpiper ‘mushroom’ structure, and 2D
array of holes will be discussed in Sections 2.3.2, 2.3.3 and 2.3.4 respectively.
2.3.2 1D Array of Grooves
x = λg/a y = z =∞
Perfect Conductor
h
Figure 2.7: In the effective medium approximation, the structure displayed in
2.3 behaves as a homogeneous but anisotropic layer of thickness h on top of a
perfect conductor.
Firstly consider a one-dimensional array of grooves (Fig. 2.3), of width a, depth h
and periodicity λg. Using the effective medium description, the dispersion relation can
be obtained by approximating the array of grooves as a homogeneous but anisotropic
layer of thickness h on the top surface of a perfect conductor (Fig. 2.7) [4]. The
homogeneous layer has the following parameters:
x =
λg
a
, y = z =∞ (2.3.1)
where x, y and z are the permittivities in the x, y and z direction respectively.
As light propagates in the grooves in the y-or z-direction with the velocity of light,
√
xµy =
√
xµz = 1 (2.3.2)
and hence,
µy = µz =
1
x
µx = 1, (2.3.3)
where x, y and z are the permeabilities in the x, y and z direction respectively.
The effective plasma frequency for this 1D structure is given by
ωpeff =
pic
2h
, (2.3.4)
where c is the speed of light. Note equation 2.3.4 corresponds to the frequency at
which the fundamental cavity waveguide mode in the grooves is supported.
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2.3.3 Sievenpiper ‘Mushroom’ Structure
z
y
x
a
λg
Figure 2.8: A schematic representation of the Sievenpiper ‘mushroom’ struc-
ture. The patches are of length a and the pitch of the structure is λg.
Next consider the Sievenpiper ‘mushroom’ structure [53], i.e. an array of discon-
nected patches separated from a continuous ground plane by a ‘via-array layer’ (dielec-
tric slab embedded with an array of pins), a schematic representation of which is shown
in Fig. 2.8. Adopting an effective medium approach, Clavijo et al. [54] modelled the
response of the structure by considering it as a two-layer anisotropic uniaxial material in
both permittivity and permeability, with the top layer representing the array of patches
and the bottom layer the via array substrate. It was shown that the via array layer is
highly anisotropic; the effective permittivity in the direction normal to the surface (z)
is given by:
z(ω) = D − 1
ω20
µDµ0A
4pi [In
1
α + α− 1]
, (2.3.5)
where D and µD are the permittivity and permeability of the host medium and 0
and µ0 are the permittivity and permeability of free space, A is the area of the patches
and α is the ratio of the via’s cross-sectional area to the unit cell. It is characterised by
a Drude-like dispersion with a negative real part up to a cutoff ‘plasma’ frequency, in
other words z exhibits a ‘plasmonic’-like response.
The transverse permittivity of the via array layers is given by the 2D Clausius-
Mossotti equation
x = y = D =
(
1 + α
1− α
)
. (2.3.6)
With the transverse permeabilities given by
µx = µy =
(
D
x
)
µD. (2.3.7)
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2.3.4 2D Array of Holes
λg
z
y
x
a
Figure 2.9: A two-dimensional square array (λg × λg) of square holes (side a)
perforated on a semi-infinite perfect conductor.
In this section it will be shown that a near-perfectly conducting substrate pierced
by a 2D array of subwavelength holes (a schematic representation of which is shown in
Figure 2.9) can support a bound SPP-like mode. The array of holes can be considered
as equivalent to an array of waveguides. The confinement of electromagnetic waves in a
hollow pipe or waveguide will result in series of modes supported from the quantisation
of the EM fields within the geometry, a full description of which can be found in Ref.
[55].
Three different types of waves can be supported by a waveguide of arbitrary cross-
section. They are categorised by their axial (longitudinal) and transverse field compo-
z
x
y
b
a
0
µ, 
Figure 2.10: Geometry of rectangular waveguide.
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Figure 2.11: Electric field profile plotted in the xy-plane of the eigensolutions
associated with the TE10 mode supported by an air filled perfectly conducting
metal waveguide, with uniform rectangular cross-section and infinite in the z-
direction. Red and blue regions correspond to high and zero field magnitude
respectively.
nents. Considering z to be in the propagation direction, TE (transverse electric) waves
are supported by the waveguide when Ez = 0 (Hz 6= 0), i.e. when there is no longitu-
dinal component of the electrical field but there is of the magnetic field. Further TM
(transverse magnetic) waves are characterised by Hz = 0 (Ez 6= 0), i.e. the magnetic
field is entirely in the transverse direction, no longitudinal magnetic field component ex-
ists. Finally if both Ez and Hz = 0, that is the magnetic and electric fields are entirely
transverse, transverse electro magnetic (TEM) waves can be supported.
The response of the hole array structures discussed in Chapters 4, 5 and 6 of this
thesis, will in general be investigated at frequencies close to where the dominant (lowest
order) waveguide mode is supported by holes. This mode is transverse electric in type.
For holes of infinite depth, at frequencies below the dominant waveguide mode, only
evanescent modes are supported by the guide, which is precisely the condition that is
required to support a bound surface mode.
Whilst each hole array discussed in this thesis will comprise holes of different geome-
tries, as an example, the conditions for which a waveguide of rectangular cross-section
of side length a × b (Fig. 2.10) supports an evanescent and a propagating mode is dis-
cussed below. The guide is formed from PEC and assumed to be filled with a material
of permittivity  and permeability µ. Note that a > b.
The propagation constant for a TE mode supported by this geometry is
kz =
√
k20 − k2c =
√
k20 −
(mpi
a
)2 − (npi
b
)2
, (2.3.8)
where m and n are integer numbers which represent the mode number, i.e. the
number of quantisations in the x and y directions, k0 = 2pi/λ0, and kc is the cutoff
wavenumber. Equation 2.3.8 is real, corresponding to a propagating mode, when
k0 > kc =
√(mpi
a
)2
+
(npi
b
)2
. (2.3.9)
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Each mode supported by the guide (i.e. each combination of m and n) has a cutoff
frequency fcmn given by
fcmn =
1
2pi
√
µ
√(mpi
a
)2 − (npi
b
)2
. (2.3.10)
The mode with the lowest cutoff frequency is called the dominant or fundamental
mode. Since a > b, the lowest order cutoff frequency occurs for the TE10 (m = 1, n = 0)
mode;
fc10 =
1
2a
√
µ
. (2.3.11)
The time-averaged electric field profile of the TE10 modes is shown in Figure 2.11.
Red and blue regions correspond to high and zero field magnitude respectively. For
a given frequency, f , only those modes having f > fc will propagate; modes with
f < fc will lead to an imaginary kz and the guide will support an evanescent mode.
Hence an array of holes (guides) can support a surface mode at frequencies below their
fundamental resonance which for an infinitely long guide will be the cutoff frequency of
the guide.
For a two-dimensional structure comprised of an array of infinitely deep holes (waveg-
uides), of size a, period λg, (Fig. 2.9 (a)) a similar analysis to that discussed for a 1D
structure yields the following equations for the effective permittivity and permeabilities
[3, 4] in the x and y directions (which are equal due to the symmetry of the structure):
xeff = yeff =
h
S2
(
1− pi
2c2
a2hω2
)
, (2.3.12)
µxeff = µyeff = S
2 (2.3.13)
where S = 2
√
2a/piλg and h is the dielectric constant of the material inside the hole.
Since the dispersion of the waveguide mode inside the hole is unaffected by parallel
momentum, the permittivity and permeability in the z-direction is given by:
zeff = µzeff =∞. (2.3.14)
The effective plasma frequency for this 2D structure is defined as:
ωpeff =
pic
2a
√
h
. (2.3.15)
Note equation 2.3.15 defines exactly the cutoff frequency of the waveguide that forms
the hole as discussed previously.
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2.3.4.1 Importance of Diffraction
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Figure 2.12: Real component of the dispersion relation in the diagonal direction
(i.e, ky = kx) for a sample defined by a = 6.96 mm, λg = 9.53mm, with holes of
depth 15mm, filled with a dielectric characterised by a relative permittivity of 2.29.
The circles represent the dispersion measured in a prism-coupling experiment [2].
The lines represent the dispersion predicted by Pendry et al. [3] and Garcia-Vidal
et al. [4] (blue curve), Garcia de Abajo and Saenz [5] (red curve) and Hendry et
al. [6] (black dashed curve). Reproduced from [6].
The dispersion relation of the surface waves supported by the structures discussed
in Sections 2.3.2, 2.3.3 and 2.3.4 exhibit asymptotic behaviour at frequencies close to
the cutoff frequency or ‘effective surface plasma frequency’. However the simple models
in Refs [3], [4] and [54] neglect the effects of diffraction, leading to a modification of the
dispersion curve. Further discussion on considering the effects that the periodicity has
on the dispersion of the mode supported by the Sievenpiper structure will be presented
in Chapter 7, and by the 2D structure will be discussed below.
A series of studies proceeded Pendry and his co-workers seminal work on ‘spoof’ or
’designer’ surface plasmons [5, 6, 56–58] which provided corrections to Pendry’s analyti-
cal dispersion equation for the SPP-like mode supported by the array of holes. However
it was Hendry’s 2008 [6] study which provided an explicit analytical expression relating
frequency to in-plane wavevector for an electromagnetic surface mode at the interface
between a vacuum and a periodically perforated perfect conductor; the effects of evanes-
cent diffraction and the finite depth of the holes were considered. An expression for the
limiting frequency of the surface mode was obtained which accounted for the finite depth
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of the hole. Equation 2.3.15 now becomes
ωpeff =
pic√
h
√
1
a2
+
1
4h2
, (2.3.16)
for holes of finite depth (h) terminated by a PEC. Note this equation does not take
in to account end effects at the top of the holes. Note a discussion of the limiting
frequencies of the surface modes supported by open ended holes can be found in Ref
[59].
The findings of Hendry’s study [6] is summarised in Figure 2.12, which has been
reproduced with the authors permission. Excellent agreement between Hendry’s pre-
dicted (dashed black line) and the experimentally measured dispersion relation (circles)
[2] is shown. Note that the inclusion of higher order waveguide modes [5] generates a
dispersion relation (red curve) that is accurate only in the long wavelength limit, whilst
when neither the higher order waveguide modes nor evanescent diffraction are considered
[3, 4], both the curvature and asymptote of the dispersion of the mode are incorrectly
predicted (blue curve). Hence Hendry’s study showed that it is invalid to employ an
effective medium approach to obtain the dispersion relation of the surface mode sup-
ported by a 2D array of holes in a PEC substrate. In other words, simply considering
the frequency-dependence of the effective permittivity is not sufficient, the wavevector-
dependence of these values is also important, i.e. they are spatially dispersive.
2.4 Conclusions
In this chapter an overview of surface waves supported at the interface between a
metal/dielectric boundary has been discussed. It has been shown that surface waves
at microwave frequencies, often referred to as ‘spoof’ or ‘designer’ surface waves can be
supported by periodically textured near-perfectly conducting substrates. The disper-
sion of these ‘spoof’ surface waves have a ‘plasmonic’ form, i.e. the dispersion of the
mode asymptotically approaches a limiting frequency at high wavevector. The limiting
frequency of these structurally-induced surface waves is dictated by the geometry of the
structure. Note that a key difference between surface waves supported at the interface
between a metal/dielectric boundary at optical frequencies (SPPs) and surface waves
supported by corrugated surfaces at microwave frequencies is as follows; whilst for an
2D array of infinitely deep holes, for frequencies below the cutoff of the holes, the de-
cay of the fields of the surface mode are purely evanescent into the pseudo-plasmonic
media (hole array), thus mimicking the behaviour of a SPP. For finite depth holes or
grooves however, or indeed for the Sievenpiper structure, this is not the case, since the
finite depth of the structure imposes an constraint on the decay of the evanescent fields
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associated with the surface mode.
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Experimental Methods and
Modelling
3.1 Introduction
In this chapter details of the experimental methods and numerical techniques used to
investigate the structures discussed in this thesis are presented. All experimental work
has been conducted at microwave frequencies. Free-space measurement techniques are
employed to record the transmission through and reflection from the structures discussed
in Chapters 6 and 4 respectively, details of which can be found in Sections 3.2.1.2 and
3.2.1.3 respectively, whilst details of the blade-coupling and free-space measurement
technique utilised in Chapters 5 and 7 can be found in Section 3.2.3. Methods for
sample fabrication will be presented in Section 3.3. Finally, a brief overview of the
numerically modelling techniques used to produce the majority of the modelling results
presented within this thesis, is discussed in Section 3.4.
3.2 Experimental Measurement Techniques
3.2.1 Free-Space Measurements
Free-space measurement techniques have been used in this thesis to obtain the reflection
intensity from, and transmission intensity through structures as a function of incident
angle and frequency (wavelength). A schematic representation of the typical experi-
mental arrangements for conducting transmission and reflection experiments is shown
in Figures 3.1 and 3.2, respectively. Note that these experiments have been conducted
within a large laboratory, as such there is no requirement for them to be housed in an
anechoic chamber since the nearest reflecting boundary is > 50λ from the experimental
setup (where λ is the longest operating wavelength). Specific details of the setup for
performing transmission and reflection measurements can be found in Sections 3.2.1.2
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and 3.2.1.3, respectively. First however, a description of the apparatus common to both
experimental arrangements is presented.
3.2.1.1 Experimental Apparatus for Free Space Measurement Techniques
Microwave radiation, generated by a combined source and swept frequency oscillator
(Agilent PSG CW Signal Generator E8247C ) is fed via a waveguide coaxial adaptor
through a directional waveguide coupler. The waveguide coupler splits the signal; a
portion of the signal is fed to a waveguide crystal detector which transmits an electrical
signal to the scalar network analyser (SNA) (Agilent 8757 D), this is the reference
signal. The other portion of the signal is fed to a horn, from which, the signal is emitted
into free space. The horn is placed at the focal point of a 4 m radius of curvature
spherical mirror (physical radius 22cm), thus producing a plane wave (in the assumption
that the horn is acting as a point source). The specular reflected (transmitted) beam
from (through) the sample is collected by a second spherical mirror and focused into a
second horn, which is also connected to a waveguide-crystal detector. The microwave
signal collected by the horn is converted into an electrical signal by the crystal detector
and transmitted to the SNA as the detected signal. The sample can be placed on a
computer controlled stepper motor driven rotating table, in order to vary the azimuthal
(φ) and polar (θ) angle (dependent on whether the apparatus is set-up for transmission
or reflection measurements). The spectrum analyser and the table are interfaced with
a PC via a LabView programme.
The mirrors are mounted in wooden frames that lie between a pair of parallel wooden
tracks which extend the length of the wooden bench upon which the experimental setup
is constructed upon (Fig. 3.1 and Fig. 3.2). This allows for the angle and position
of the mirrors, relative to other experimental apparatus to be easily changed. Square
pyramidal and planar graded carbon loaded foam acts as a good absorber and can be
used to reduce undesirable reflections within the system. The foam is used as an aperture
in front of the sample in the transmission experiments to help reduce, particularly at
high polar (θ) angles, possible interference effects due to the edge of the sample, since
the size of the beam and sample are comparable. To further minimise the size of the
beam spot on the sample, absorber can be placed on the ‘source’ mirror i.e. the mirror
upon which the radiation is incident.
The polarisation of the wave emitted through the waveguide horns is dependent on
the orientation of the dipole at the back of the horn. Therefore the polarisation of the
incident beam can simply be changed by rotating the orientation of the waveguide horn
apparatus, a trivial task since they are mounted together. Rpp, Rss, Rps and Rsp, i.e.
the reflection intensities, and the equivalent transmission intensity measurements can
be obtained, where the subscript corresponds to the polarisation of the incident and
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detected polarisations respectively.
Two type of horns have been used. Standard gain ‘narrow band’ horns operate
at frequency ranges split into European waveguide bands [60], whereas the broadband
horns (Flann DP241-AC ) operate over a much larger frequency range, strictly from
18 − 50 GHz, but experimentation has shown them to operate successfully down to
8 GHz. Advantageously, it is possible to complete an experiment without changing the
horns (five different sets of standard gain horns would be required to cover the frequency
range 18− 50 GHz,) thus avoiding the possibility of discontinuities in the data. Further
the broadband horns contain two coaxial ports, so to change the polarisation of the wave
emitted from the horn, the coaxial cable and crystal detector is simply switched from one
port to the other one. However, there is a compromise in performance, when compared
to using the broadband horns, arising from two factors; firstly, it is not possible to
take a reference from the source waveguide horn antenna, since it it not connected to
a waveguide coupler. Therefore it is not possible to account for fluctuations in power
from the source. Secondly, the broadband horns are not optimised for all frequencies
at which they operate, a larger loss in the system with respect to that obtained using
standard gain horns is observed, resulting in an increase in the required power.
3.2.1.2 Transmission Experiment Setup
A schematic representation of the setup for transmission experiments is shown in Figure
3.1 (a). As can be seen, the centre of the mirrors align with the centre of the sample and
an aperture formed from microwave absorbing material is placed in front of the sample.
The horns are placed at the focal point of the mirrors which are tilted such that the
beam propagates parallel to the bench. The sample is placed on a computer-controlled
rotating table such that a variation in the incident angle (θ) can be easily achieved.
From this, by scanning the frequency (wavelength), variation of the magnitude of the
in-plane wavevector at the surface of the sample is possible. A variation in φ is achieved
by manually rotating the sample and securing within a wooden holder.
Figure 3.1 (b) defines the orientation and co-ordinate system used to describe the
system. The polarisation of the incident field must be defined. When the electric vector
of the incident field is contained in the xz-plane, the field is TM (or p-) polarised. Whilst
a TE polarised wave is defined by an electric vector perpendicular to the xz-plane.
3.2.1.3 Reflection Experiment Setup
A schematic representation of the setup for reflection experiments is shown in Figure
3.2. For reflection experiments the sample is placed on a computer controlled rotating
table which allows the azimuthal (φ) to be easily changed. The position of the mirrors
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Figure 3.1: (a) Schematic representation of the experimental arrangement for
transmission at normal incidence, where the emitter is on the left, and the detector
on the right. (b) Diagram showing the direction of the electric field vector to define
TE and TM polarised radiation when the sample is rotated by θ.
determine the angle of incidence, θ, which is measured from the normal of the sample.
3.2.1.4 Recording Measurements
Details of the process whereby the measurements are recorded are as follows. The SNA
measures the received reference and transmitted signal on a logarithmic scale. The
detected signal corresponds to the signal received by the detecting waveguide horn,
whilst the reference signal is measured at the emitter as described previously. The
detected signal is normalised by the SNA using the reference signal, hence removing the
effect of power fluctuation from the source.
Each set of measurements recorded from a sample are required to be normalised
against a reference sample, in order to obtain absolute transmission and reflection val-
ues. For transmission measurements, the recorded transmission through the sample is
normalised against free space (i.e. no sample in the setup). Normalised values of < 100%
for a test sample are indicative of loss in the system. For reflection experiments, the
reflection from the experimental sample is normalised against a flat metallic plate, which
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Figure 3.2: Schematic representation of the experimental arrangement for re-
flection experiments, where the emitter is on the left, and the detector on the
right.
will reflect 100% of the incident beam.
Values for the absolute normalised transmission and reflection coefficient (T and R
in decibels (dBs)) respectively are obtained using equations 3.2.1 and 3.2.2 respectively,
T = 10
∆t
10 (3.2.1)
R = 10
∆r
10 (3.2.2)
where ∆t and ∆r are the difference between the ‘reference’ signal and the transmis-
sion and reflection signal, respectively.
3.2.2 Vector Network Analyser (VNA)
A Vector Network Analyser (VNA) can be used to measure the magnitude and phase
characteristics of for instance, networks, amplifiers, components, cables and antennas.
The VectorStar MS4640A VNA has been used to record the phase information associated
with the surface modes supported by the structures discussed in Chapter 5 and 7 of
this thesis. From this information the dispersion of the modes can been obtained (as
discussed in the following Section). When only measurement of the intensity of the
signal is required, as in Chapter 4 and 6 of this thesis, a Scalar Network Analyser (SNA)
has been used, as discussed in Section 3.2.1.1. In the VNA, the coupler providing the
reference signal and crystal detectors are incorporated in the assembly of the instrument
and therefore no external coupler or crystal detectors are required [61].
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Figure 3.3: Schematic representation of the blade-coupling set up.
3.2.3 Blade-coupling techniques and Phase-resolved measurements
As discussed in Chapter 2, a suitable mechanism for wavevector matching to free space
radiation is required for the excitation of the non-radiative surface modes. One simply
method, as used in Chapters 5 and 7, is edge or blade coupling through a subwavelength
gap between a perpendicular screen (blade) and the planar surface. This technique was
first extensively used by the Terahertz community, for instance in the generation of
surface modes by coupling THz radiation into thin dielectric films [62], and to inves-
tigate subwavelength confinement of electromagnetic energy using a patterned perfect
conductor substrate [63]. This geometry leads to scattering of incident radiation and
the generation of evanescent waves comprising a continuum of wave vectors, with the
outcoupling from the surface mode performed by an equivalent second blade. Combined
with phase resolved measurements (recorded using the VNA), this technique allows for
the direct measurement of the dispersion of the supported surface waves in the non-
radiative regime.
Radiation emitted from a microwave horn (which is connected to port 1 of the
VNA) is coupled into a surface mode via diffraction at a 0.5 mm parallel-sided aperture
formed between the sample and an aluminium blade. Using a second aperture placed at
a distance L1 along the surface from the first, the surface mode is coupled back to free
propagating radiation, which is then collected and detected via a second microwave horn
antenna (also connected to a VNA, but to a different port). The phase of the recorded
signal can be used to obtain information about the dispersion of the surface modes
supported by the structure. However in order to obtain an absolute phase measurement,
it is necessary to record the data at two different values of L (the separation between the
blades), hence the dispersion of the mode can be calculated using the following equation
kx =
(
φ2 − φ1
∆L
+
ω
c
)
, (3.2.3)
(for when radiation is incident in the plane containing the x-axis) where φ1 and
φ2 correspond to the phase of the measured signal when the blades are at L1 and L2
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respectively (where L2 > L1), ∆L = L2 − L1. Note the ω/c term i.e. k0 corresponds
to the addition of the momentum associated with the light line. Note this analysis was
developed from the work undertaken in [44].
A sheet of aluminised mylar was placed underneath the blade on the surface of the
sample to ensure that equivalent boundaries conditions on the aperture (defined by the
edge of the blade and the sample) were maintained. This also had the effect of enhancing
the strength of the signal associated with the surface mode when TM-polarised radiation
was incident on the aperture. However when TE-polarised radiation is incident on the
sample through this aperture, there is no component of the incident E-field vertical to
the sample, as such the radiation is insensitive to the presence of the aluminised mylar
on the sample.
Whilst it can be advantageous to maximise the strength signal, it is actually only
the phase information that is used to calculate the dispersion of the mode, therefore it
is most useful to optimise the setup to obtain ‘clean’ phase information for as wide a
frequency range as possible, resulting in characterising the dispersion of the mode at
the highest wave vector values as possible. Further discussion on this will be presented
in Chapter 5.
3.3 Sample Fabrication
3.3.1 Brass Tube Hole Arrays
The experimental samples investigated in Chapter 4 and 6 were constructed from close-
packed arrays of brass tubes. The tubing was sourced is long lengths that were cut
down to the required size, placed on a metal plate and clamped in place by four pieces
of metal placed around the edge of the sample. It was necessary to fill the tubes for both
samples with wax. Molten wax was poured into the each of the samples, ensuring any
air bubbles were removed. The samples were overfilled to allow for any ‘shrinking’ of
the wax upon cooling. Once cooled, the excess wax was removed from the top interface
of the sample.
3.3.2 Zigzag Hole Array
The zigzag sample in Chapter 6 was fabricated using a Rapid Prototyping 3D printing
machine (ProjectTM HD 3000 ). 3D printers are a versatile tool often used by designers
and engineers, as well as hobbiest, capable of physically realising computer designed
complex 3D geometries into a 3D part using an additive layer-by-layer process. In
addition to the build material (that has a plastic-type appearance) from which the part
is formed, a wax support material, designed to melt away in the post-processing of
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the build, is used to provide structural support to the part during the build process
and ensure a good surface quality. Two levels of build quality are available, HD (high
definition) and UHD (ultra high definition), each has a different restriction on the build
size, with the maximum x, y andz dimensions of the HD and UHD build 298×185×203
mm and 127×178×152 mm respectively. Typically UHD is used for when high precision,
detailed features are desired.
The zigzag sample was designed using HFSS, where the software was simply utilised
as a 3D drawing tool. It was then imported into Solidworks, a 3D CAD software package,
as a .SAT file to generate the required file format for the software used by the 3D printer.
(Equally it is possible to produce the design solely using Solidworks.) Since, the features
of the zigzag sample were not particularly fine, initially the test sample was printed on
HD mode, as advantageously it is possible to produce larger build parts on a single
build when printing in this mode. However it was found that the surface quality was
not sufficiently high, given that the part was to metallised. The zigzag sample therefore
was constructed from nine different parts, produced from nine different UHD builds,
each build took several hours to complete.
Before the individual parts were slotted together to form the complete sample in
preparisation for metallisation, they had to undergo post-processing to remove the sup-
port material to leave only the build material, i.e. the computer designed part. The
post processing technique has either two or three stages, depending on the amount of
material used. For builds with a large amount of support material, the sample is first
placed in a tray of melted wax (approximate temperature 65oC) and then in hot oil, to
remove the last of the support material. For builds with only a small amount of support
material to remove, the melted wax step is not necessary. The timings of these steps are
highly dependent on the geometry of the parts, sometimes taking only a few minutes
to complete. Finally the ‘de-waxed’ part is placed in a degreasing agent to remove the
excess oil. The structures can be slightly weakened and deformed due to thermal stress
from exposure to the hot/oil, followed by quick cooling. In order to reduce the possibil-
ity of permanent deformation, where possible the part must be clamped. Exposure to
these temperatures for a period of time can also cause some shrinkage in the size of the
structure, this must be taken into account in the calculations of the design.
The subsections of the sample was sent to an external company (Morganics [64])
for metallisation. This technique involves coating each surface with an nanocrystalline
layer of copper, approximately 0.15mm thick. Due to it’s ultra-fine crystalline structure,
it is found to be significantly stronger than natural copper. The final sample can be
approximated as a near-perfectly conducting substrate perforated by an array of holes.
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3.4 Finite Element Method (FEM) Modelling
The electromagnetic response of the structures discussed in this thesis have been simu-
lated using a numerical technique called Finite Element Method (FEM) modelling. The
software package used for FEM modelling is the High Frequency Structure Simulator
(HFSS) from Ansys, Inc. [65]. All structures considered in this thesis are periodic,
this allows the structures to be represented by a single unit cell, with repeat bound-
ary conditions, to be solved using the FEM modelling approach. Advantageously this
reduces the computational time required to solve the model, which allows the EM sim-
ulation of complex systems with high precision. Before Maxwell’s equations are solved
the structure geometry first rendered with a 3D CAD user interface, and materials are
assigned to the constituent elements within the unit cell. This rendered representation
of the structure is then approximated by many tetrahedral elements to form a mesh.
The elements of the mesh are the ‘finite elements’ in which the EM field is later solved.
Within each finite element, a solution is found for the EM fields, which are interpolated
so that Maxwell’s equations are satisfied across the boundaries between the elements.
This process is performed to generate a solution for the whole geometry. Once the field
solution has been found, the generalised-S matrix solution is determined.
3.4.1 Solving Maxwell’s Equations in the Mesh
Mathematically, HFSS solves for the electric field E using equation 3.4.1, subject to
excitation and boundary conditions.
∇×
(
1
µ
∇×E
)
− k20E = 0, (3.4.1)
where k0 is the free space wavenumber and  and µ are the relative permittivity and
relative permeability, respectively. The magnitude of the magnetic field H is calculated
using the following equation:
H =
1
ωµ
∇×E (3.4.2)
Solutions for E and H must be found for all the elements from which the mesh
is formed. The resulting differential equations, that are in the form of equation 3.4.1,
are combined into a matrix and solved for E numerically. Once the fields have been
determined, a generalised scattering matrix (S-Matrix) is derived for the system, from
which optical properties such as transmission or reflectivity can be extracted. Further,
it is also possible for the software to calculate the eigenmodes of the system, and their
associated fields, by finding the frequencies at which the poles of the S-Matrix occur
[66].
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3.4.2 CAD Modelling Tools and Assigning Materials
The 3D modeller (integrated CAD package) in HFSS is used to create the physical
model that is required to be analysed. The 3D modeller is fully parametric, that is
each variable, including geometric dimensions and materials properties may be assigned
parameters, allowing for the easy scaling or ‘tuning’ of the structure. A library of com-
mercially available, and commonly used materials are stored within HFSS. Additionally
it is possible to include user-defined materials within the model, which can have either
fixed or frequency dependent variables.
3.4.3 Assigning Boundary Conditions
Boundaries are applied to specific surfaces of the 3D object. They have two main
purposes, to create an open/closed model or to reduce the geometry, or secondly to
reduce the electromagnetic complexity of the modal. The most common boundary used
in the modelling work in this thesis is the master-slave boundary. It is a periodic
boundary condition that allows infinitely periodic structures to be modelled as a single
unit cell. The master and slave conditions must be applied as a pair of boundaries (as
shown in Figure 3.4 (a) and (b)), such that the E-field on one ‘slave’ surface is forced
to matched the E-field on the ‘opposite’ slave surface. The pair must be assigned to
identical surfaces, which are planar and are on the outside of the model.
Perfectly Matched Layers (PMLs) boundaries have also be used in the modelling
work in this thesis. PMLs are a type of radiation boundary that are used to terminate
models. They are made from fictitious material that is designed to be absorbing in the
direction to the surface. Due to their highly anisotropic material they are designed to
effectively absorbs waves that strike the boundary at non-normal incidence i.e. diffracted
waves or for non-normal incident or reflected waves.
3.4.4 Excitation
There are several types of excitation in HFSS, however much of the modelling results
presented in this thesis has been calculated with Floquet port excitations. Floquet
ports are typically used for large periodic planar structure such as frequency selective
surfaces or photonic bandgap structure. These are used as they allow the calculation of
the intensities of each diffracted mode, using the Floquet-Bloch theorem. The Floquet
ports are defined on the incident and exit face (which for a reflection model would be
the same as shown in Figure 3.4 (d)). Radiation is injected into the model as plane
waves that comprise a series of Floquet modes. The ports are defined by unit vectors
which dictate the electric field of the mode.
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(a) (b)
(c) (d)
Figure 3.4: Unit cell of Sievenpiper structure. Highlighted faces show the
position of (a) the first pair of master-slave boundary conditions, (b) the second
pair of master-slave boundary conditions and (c) the Floquet ports. An example
of the tetrahedral mesh is shown in (d).
3.4.5 Meshing
For an accurate solution to be obtained for the EM response of a structure, HFSS uses
an adaptive iterative solution process, where the mesh is refined iteratively in regions
where the electric field solution error is high. Initially, a coarse mesh is created in the
unit cell (an example of which is shown in Figure 3.4 (d)). With that initial mesh, HFSS
computes the electromagnetic fields at the user-defined solution frequency.
The solution frequency is the frequency at which HFSS explicitly solves a given
solution and it is also the frequency that the adaptive solution operates to determine
whether a model has converged or not. The solution frequency is generally chosen to
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correspond to the largest frequency considered in a spectral sweep. This is because
HFSS attempts to generate a refined mesh with maximum tetrahedral side length of
0.33 of the corresponding solution frequency wavelength. The delta-S parameter is the
main criterion used by HFSS to determine whether the model has converged.
Due to the relationship between the calculated S-matrix and the electric field in the
simulations, a useful number is the delta-S value, it is a change in magnitude between two
consecutive passes, or change in electric field distributions between successive solutions.
The delta-S number should be set between 0.005 and 0.01 for a majority of the models.
From these results HFSS determines the regions where the exact solution has a high
degree of accuracy. Tetrahedra are refined by creating a number of smaller tetrahedral
that replace the original larger element. Another solution is generated with the new
mesh, the error is computed and the process is repeated until the convergence criteria
are satisfied, or the number of user defined adaptive passes are completed.
3.5 Conclusions
In this chapter an overview of the experimental methods and numerical techniques used
to investigate the structures discussed in this thesis is presented. The free-space mea-
surement techniques employed to record the transmission and reflections from structures
have been discussed, as well as the blade-coupling and phase-resolved measurement tech-
nique used to directly measure the dispersion of modes. The methods for fabricating
the hole array structures are discussed and finally a brief overview of the numerically
modelling techniques used to produce the majority of the modelling results presented
within this thesis is presented.
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Square Hole Array
4.1 Introduction
In this chapter a thorough study of diffractively coupled surface waves supported by
a pseudo-plasmonic structure formed from a close-packed array of square cross-section,
close-ended holes in a metallic substrate is presented. A periodic ‘coupling-in’ grat-
ing, comprising metallic rods of circular cross-section is used to control the strength
of diffractive coupling of incident radiation to the surface waves supported by the hole
array. However, a key issue not previously discussed in the literature is addressed by the
work in this chapter; it is shown that the response of the structure is highly dependent
on the position of the coupling-in grating relative to the hole array, a direct consequence
of the pitch of the structure and the wavelength of the probing radiation being compa-
rable. Not only is the position of the metallic rods comprising the grating relative to
the hole array significant in determining the dispersion of the supported surface modes,
it is also found that the response of the structure can be strongly perturbed by break-
ing electrical contact between the grating and substrate. Information about the modes
supported by the hole array is obtained by experimentally characterising the azimuthal-
dependent reflectivity response of the structure at a fixed polar angle, using free-space
measurement techniques. For comparison, the surface modes diffractively coupled by a
dielectric grating formed from glass rods is also presented.
4.2 Background
As discussed in Chapter 2, drawing analogies between the behaviour of surface plasmon
polaritons (SPPs) at optical frequencies, it was Pendry and his co-workers who first intro-
duced the concept of ‘spoof’ or ‘designer’ surface plasmons [3, 4]. They demonstrated
the confinement of electromagnetic surface waves at the interface between a perfect
electrical conductor (PEC) and vacuum, in the long wavelength limit via subwavelength
structuring. However unlike conventional SPPs the behaviour of these ‘spoof’ SPPs, is
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purely governed by the geometry of the structure. Advantageously the geometrically
induced nature of these surface waves leads to the possibility of tailoring their proper-
ties to achieve almost arbitrary dispersion, simply through design. For instance, Pendry
proposed [3] that the frequency of the fundamental localised resonance supported by an
array of infinitely deep subwavelength holes in a PEC substrate, i.e. the cutoff frequency
of the holes, defined the asymptotic limit or ‘effective surface plasma frequency’ for the
dispersion of the surface wave supported by the substrate.
The assumptions intrinsic to Pendry and his co-worker’s analytical description of
the dispersion of these ‘spoof’ surface waves however were later found to be inadequate.
Adopting an effective medium approach, they only considered the response of these
substrates in the long wavelength limit where it was assumed incident radiation was
insensitive to the subwavelength structuring, i.e. could not resolve the detail of the
holey structure. Further, they only considered the specular field outside the hole and
the fundamental waveguide mode (TE10) when describing the field inside the cavity.
This information was later proven to be insufficient to provide a precise description
of the surface wave dispersion relation and a series of studies followed [5, 6, 56–58]
which provided corrections to Pendry and his co-workers studies. In particular Hendry
et al. [6] discussed how the inclusion of evanescent diffracted orders associated with
the periodicity of the lattice, was of the utmost importance to accurately describe the
surface wave dispersion relation in this region. The effect of the finite depth of the
holes was also included in Hendry and his co-workers analysis, thus providing a full
analytical description of the surface modes supported by a metallic substrate patterned
with a two-dimensional square array of square holes in the low frequency limit (i.e.
microwave regime). Excellent agreement with experimental data was shown. In addition
to the aforementioned studies, which provided numerical corrections to Pendry’s original
surface wave dispersion relation for periodic structures in the long wavelength limit, the
existence of these structurally-dictated surface modes was later confirmed by a wealth
of experimental and indeed further numerical studies, as discussed within Chapter 2.
As discussed in Section 2.2.2 it is necessary to match the momentum of the sur-
face waves to incident radiation and in the literature a variety of methods have been
employed to experimentally characterise and couple incident radiation to the bound
surface modes supported by these structures. For instance, prism-coupling techniques
have been used to characterise the transverse-electric (TE) and transverse-electric (TM)
mode supported by an ultra-thin metasurface [67], as well as excite surface waves on a
three-dimensional brass wire medium metamaterial in the microwave regime [68]. Near
field measurement techniques utilising a stripped coaxial antenna have been employed to
demonstrate the lateral confinement of a ‘domino plasmon’ on a periodic chain of metal-
lic cuboids [44] and when combined with a collimating beam apparatus, to excite and
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detect the surface modes supported by an array of pillars on a conducting substrate [69].
In conjunction with phase-resolved measurements, microwave radiation incident through
wedge waveguides and a slit aperture have been utilised to obtain the dispersion of the
symmetric and anti-symmetric surface modes supported by a highly conducting sheet
perforated with a two-dimensional array of subwavelength holes [59], as well as the fam-
ily of structurally-dictated anisotropic surface modes on an array of close-ended square
holes [70], respectively. Further, direct measurement of the confinement and propagation
of terahertz electromagnetic surface modes bound to a metal surface perforated with a
2D subwavelength array of holes, have been performed using a subwavelength aperture
defined by a razor blade and the sample [26, 71]. A high-efficiency surface wave coupler
at microwave frequencies using a gradient metasurface (GM) formed from a thin super
cell of six split-ring resonators (SRRs) has also been demonstrated [72]; in this system
normally incident radiation can directly couple to the bound modes supported by the
GM surface.
However, it was grating-coupling techniques that were utilised in the first experi-
mental study verifying these ‘designer’ surface waves in the long-wavelength limit [2]
following Pendry’s original proposal [3]. Hibbins and his co-workers placed an addi-
tional coupling-in grating on top of a hole array to provide the necessary momentum
enhancement to couple incident radiation to the surface modes supported by the sub-
strate. Note that unlike the alternative methods described previously, this momentum-
matching technique allows for the experimental characterisation of the surface mode
within the radiative region (i.e. the region of momentum space in which incident ra-
diation can directly couple to modes supported). A sinusoidal diffraction grating [73]
was an early realisation of a structure upon which surface plasmon-like modes at mi-
crowave frequencies were experimentally observed; the periodicity of the structure was
used directly to couple incident radiation to the supported surface modes. More recently
the transmission enhancement through a metamaterial slab in the microwave region has
been attributed to the excitation of surface waves by placing a diffraction grating either
side of the slab [68]. The diffraction grating, as in Hibbins et al. study and the work
in this chapter, simply provided a mechanism to couple radiation into and out of the
surface modes supported by a pseudo-plasmonic structure i.e. the metamaterial slab or
hole array.
There is a key issue not addressed however by Hibbins et. al [2] or previous studies
reported in the literature, which provides the motivation for the work in this chapter.
In Pendry et. al’s seminal work they assumed the pitch of the structure and the size
of the holes to be ultra-subwavelength. However the periodicity of the hole array and
coupling-in grating are comparable to the wavelength of the probing radiation in Hibbins
et al. study. Furthermore it is shown in this chapter that the position of the coupling-in
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grating with respect to the hole array can greatly distort the dispersion of the surface
mode supported by the hole array. However this perturbation could be considered ad-
vantageous, as it introduces a further degree of freedom in tailoring the response of
the structure. Note it is difficult to characterise artificial materials whose feature size
whilst less than the wavelength of the incident radiation, are only marginally so. In
these structures the periodicity of the structure is significant, but not wholey respon-
sible for the observed effects. True metamaterials can be described with homogenized
material parameters and are often based on periodically arranged resonant elements,
with periodicities typically smaller than the wavelength of the incident radiation by a
factor of 5 or 10 times [51]. This is not the case for the sample in this Chapter, nor for
those in Refs [3–6, 56, 58]. For these examples it is not possible to describe their surface
wave dispersion relation by obtaining local frequency-dependent optical constants, their
response is influenced by near-field diffractive effects.
In this chapter, a rigorous investigation into grating-coupling to surface modes sup-
ported by an array of close-packed, close-ended square cross-section holes in a near-
perfectly conducting, is presented. The structure under investigation can be considered
analogous to a shallow monograting in the optical regime formed from periodically cor-
rugating a plasmonic metal, which supports surface plasmon polaritons [74]. However,
rather than corrugating the plasmonic metal directly, the structure discussed in this
chapter can be essentially considered as being comprised from two elements; the hole
array which creates the necessary boundary conditions to support a bound surface mode
(analogous to the plasmonic metal) which has a limiting frequency defined by the fun-
damental resonance of the hole (analogous to the surface plasma frequency), and an
additional coupling-in grating placed on top of the hole array to enable diffractive cou-
pling to the supported surface modes. Since it was with a similar structure that Hibbins
et. al [2] provided the first experimental verification of these engineered surface waves
inside the light cone at microwave frequencies in 2005, it is useful to present a brief
overview of the study to provide a context for the work in this chapter.
The coupling-in grating, formed from metallic rods with a uniform circular cross-
section of radius r = 1.6 mm, which extended the length of the hole array, was placed
on top of the metal regions of the substrate at a periodicity twice that associated with
hole array. Information about the dispersion of the modes supported by the structure
was obtained by recording the frequency of the reflection minima as a function of the
polar angle (θ). The experimentally measured (crosses) and predicted (solid black curve)
dispersion of the surface modes excited by a TM-polarised field incident in the plane
containing (φ = 0◦) and perpendicular (φ = 90◦) to the grating vector are shown in
Figure 4.1 (a) and (b) respectively. The voids (holes) were filled with wax to reduce the
fundamental resonance of the structure, defined approximately by the cutoff frequency
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Figure 4.1: Predicted (black line) and measured (crosses) dispersion of surface
wave excited by a TM-polarised field incident in the plane (a) containing (φ = 0◦)
and (b) perpendicular (φ = 90◦) to the grating vector. The solid and dotted
red lines correspond to the first and second order in-plane diffracted light lines
respectively and the dashed-dotted line the first-order out-of-plane diffracted light
line. The horizontal dashed line corresponds to the cutoff frequency for a wax-
filled infinitely long hole of square cross-section, side length a = 6.96 mm. The
grey shaded area corresponds to region of momentum space not available to an
incident photon. Reproduced with permission from [2].
of the hole (red horizontal dashed line Fig. 4.1 for a hole of infinite length) below
the onset of diffraction. The sample was rotated by φ = 90◦, such that diffraction
due to the coupling-in grating was in the plane orthogonal to the rods. Since the
light line associated with this diffraction (dashed-dotted curve Fig. 4.1 (b)) increases
hyperbolically with increasing wavevector, the surface mode therefore could approach
its limiting frequency purely defined by the fundamental resonance of the system.
In this chapter, the azimuthal (φ)-dependent reflection from the structure has been
recorded at a fixed polar angle (θ = 30◦). From this data, information about how the
position of the coupling-in grating, relative to the hole array, perturbs the dispersion of
the surface modes supported by the structure can be obtained.
4.3 Experimental Sample and Techniques
A schematic representation of the hole array structure, which is formed from a close-
packed array of finite-depth, wax-filled, close-ended square cross-section brass tubes, can
be seen in Figure 4.2 (a), together with a photograph of the sample in Figure 4.2 (b)
(note for clarity, in the photograph the metallic plate forming the base of the structure
is not shown and holes are air-filled.) The hole array can be characterised by the
following parameters; the width of the hole, a, the pitch of the structure, d, the relative
permittivity and permeability of the material filling the hole, h and µh, respectively,
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Figure 4.2: (a) Schematic representation of square hole array. The holes (shaded
purple) are of size a and the pitch of the structure is labelled d. (b) Photograph
of square hole array sample. Note the coupling-in grating is not shown.
and finally the hole depth, h. In this study the aforementioned parameters have the
following values a = 6.96 mm, d = 9.525 mm, h = 2.25 (µh = 1) and h = 45 mm.
The fundamental localised resonance of an infinitely long guide is dictated by the
lowest order waveguide mode (TE01) supported by each hole. For a single, isolated
square guide of infinite length, this frequency is defined by the cutoff (ν) of the hole and
is given by equation 4.3.1
ν =
c
2a
√
hµh
(4.3.1)
where a, h and µh are as defined previously. The frequency of the fundamental mode
supported by a finite length guide will be perturbed upwards in frequency from that
of the cutoff of an infinite length guide, due to the additional momentum contribution
from the longitudinally quantised field associated with its finite depth. As discussed in
Chapter 2, it is this fundamental localised resonance that the first order surface mode
is limited in frequency by. Note, as will be shown in this chapter, this frequency will be
further perturbed by the addition of the coupling-in grating to the system.
Microwave radiation is incident on the sample in the xz-plane at the fixed polar
angle θ = 30◦. A free-space measurement technique, full details of which can be found
in Section 3.2.1.1, is used to record the azimuthally (φ)- dependent reflectivity response
of the hole array together with coupling-in grating. From this, information about the
dispersion of the surface modes supported by the hole array is obtained.
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Figure 4.3: (a) Experimentally measured azimuthal φ-dependent reflectivity
response (grey scale) of hole array structure to TM-polarised radiation incident
at θ = 30◦, plotted on a linear scale from 0 to 1. Light and dark regions corre-
spond to high and low reflection, respectively. The red dashed line represents the
cutoff frequency of a single, isolated guide of infinite length. (b) Experimentally
measured (circles) and predicted (curves) reflectivity response of the hole array
to TM-polarised radiation incident on the sample at φ = 90◦ and θ = 30◦. A
dielectric loss tangent, δ, (where tanδ = Re()/Im()) of 0.005 (blue curve) and
0.01 (red curve) have been used in the calculations. (c) Predicted time-averaged
electric-field profiles associated with the first five modes supported by the hole
array structure. Red and blue regions correspond to a high and zero field magni-
tude, respectively.
4.4 Experimental Results
4.4.1 Response of Hole Array
Before investigating the diffractively coupled surface waves supported by the hole array,
it is first useful to understand the modes supported by simply the bare substrate, i.e. the
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locally resonant modes of the holes. The azimuthal (φ)- dependent reflectivity response
of the hole array to TM-polarised radiation incident on the structure at the fixed polar
angle of θ = 30◦, is shown in Fig. 4.3 (a). Here dark and light regions correspond to
low and high reflectivity, respectively. A series of relatively flat-banded modes (dark
bands), labelled N = 1− 5, are observed above the cutoff frequency for a hole of infinite
length (red dashed line Fig. 4.3). These modes have been coupled to incident radiation
via near-field diffraction.
In order to confirm the expected properties of the wax filling the holes, the predicted
reflectivity response of the hole array to TM-polarised radiation incident on the sample
at φ = 90◦ (θ = 30◦) calculated with wax characterised by a real permittivity (h) of
2.25 and dielectric loss tangent (δ) of 0.005 and 0.01 (blue and red curves respectively,
Fig. 4.3 (b)), is compared to the experimental data (circles Fig. 4.3 (b)). Excellent
agreement in terms of the position of the reflectivity minima is shown, thus implying
the correct value of the real part of h (and the hole depth) has been used in the
calculation. However, the frequency-dependent discrepancies between the width and
depth of the measured modes and the predicted response are clear. This behaviour is
understandable since the depth and width of a mode is determined by the ratio of the
radiative and non-radiative losses in a system [75], and the dielectric loss tangent is
a frequency-dependent non-radiative loss channel. Whilst good agreement is shown at
low frequencies between the measured data with the simulations when a value of 0.005
is used for the dielectric loss tangent in the calculations (blue curve Fig. 4.3 (b)), at
higher frequencies the response is more accurately described by a dielectric loss tangent
of 0.01 (red curve Fig. 4.3 (b)). Since the primary focus of the work in this chapter
is the mode supported below the fundamental resonance of the hole, a dielectric loss
tangent of 0.005 is used to obtain the predicted response from here on.
The predicted time-averaged electric-field profiles, plotted at frequencies correspond-
ing to the reflection minima associated with the first five modes supported by the hole
array (labelled N = 1− 5 Fig. 4.3 (a) and (b)) when TM-polarised radiation is incident
on the sample at φ = 90◦ (θ = 30◦), plotted in the xz-plane, are shown in Fig. 4.3 (c)-
(g). Here red regions correspond to high field enhancement and blue a field magnitude
of zero. It can be seen close to the bottom of the guide, which experimentally has been
terminated by a flat metal sheet, the magnitude of the E-field falls to zero, as required
for a PEC boundary. At the top of the guide, the magnitude of the E-field is high. Each
one of these resonances therefore can be approximated as an odd integer quarter wave-
length quantisation of the field along the length of the holes. Obviously with increasing
frequency, the wavelength reduces such that higher order quantisations are supported.
Note that as expected, no surface mode is observed below the fundamental resonance of
the hole array (N = 1) and the reflectivity is close to unity for frequencies below this.
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Figure 4.4: Schematic representation of a cross-section of the hole array and
coupling-in grating. The coupling-in grating is formed from metallic rods of uni-
form circular cross-section, radius r = 1.6 mm, and is placed on top of the hole
array on the metal regions at a periodicity λg = 2d.
4.4.2 Metallic Coupling-In Grating on Metallic Regions of Hole Array
In Section 4.4.1 the azimuthal (φ)-dependent reflectivity response of the hole array to
TM-polarised radiation incident on the sample at a fixed polar angle (θ = 30◦) was
shown. Without the addition of the coupling-in grating in the system, a family of flat-
banded modes were observed, each associated with the fundamental localised resonance
(TE10 waveguide mode) supported by the cavities. However as expected, no surface
mode was observed. The role of the coupling-in grating is therefore to control the
strength of diffractive coupling to the surface modes supported by the hole array which
exists outside the light cone; the additional perturbation introduced by the coupling-in
grating (which has a periodicity (λg) twice that of the hole array (as shown in Fig. 4.4)
significantly alters the dispersion of the surface mode supported by the hole array. The
momentum available to incident radiation can now be increased or decreased by integer
multiples of the grating wavevector kg (where kg = 2pi/λg), resulting in originally non-
radiative modes being scattered or ‘band-folded into the radiative region of momentum-
space. A full description of this grating-coupling technique can be found in Chapter 2
whilst further examples of structures utilising their dual periodicity to induce ‘band-
folding’ effects can be found in Refs [22, 23], as well as in Chapter 6 of this thesis.
By recording the azimuthal (φ)-dependent reflectivity response of the hole array with
the coupling-in grating placed on top, it is possible to obtain information about the
dispersion of the surface modes supported by this structure.
Initially, as in the study of Hibbins et al. [2], the coupling-in grating is placed on top
of the hole array on the metal regions in between the voids (holes), at a periodicity twice
that of the hole array beneath (λg = 2d, where d is the periodicity of the hole array).
A schematic cross-section of the hole array and coupling-in grating is shown in Figure.
4.4. The grating is formed from metallic rods of uniform circular cross-section of radius
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r = 1.6 mm, which extend the full length of the sample. The experimental azimuthal
(φ)-dependent reflectivity response of the structure to TM-polarised radiation incident
at θ = 30◦ is shown in Figure 4.5 (a). Here dark and light regions correspond to low
and high reflectivity, respectively. Note φ = 0◦ is defined to be when the grating vector
is contained in the plane of incidence (i.e. perpendicular to the plane containing the
metallic rods), commonly referred to as classical mount. It is possible to achieve radiative
coupling to the surface modes supported by the structure with both linear polarisations
(dependent on the orientation of the grating with respect to the plane of incidence);
an electric field normal to the surface of the coupling-in grating can be achieved with
either polarisation. Therefore for comparison with the data shown in Figure 4.5 (a), the
corresponding TE-polarised response is shown in Fig. 4.5 (b). In addition to the series of
flat-banded localised resonances, a dark band (reflection minima) is observed following
the first-order parabolic diffracted light lines (solid red curves Fig. 4.5) and limited in
frequency by the fundamental localised resonance in both the TM- and TE-polarised
response. This band is associated with the fundamental surface mode supported by the
hole array and it is clear that its coupling strength is highly dependent on the azimuthal
angle (φ), as well as the polarisation of the incident field.
First consider the response of the structure when φ = 0◦. In this orientation the
coupling-in rods lie perpendicular to the plane of incidence i.e. the plane of incidence
contains the grating vector. TM-polarised radiation incident on the sample in this
orientation is sensitive to the periodicity of the grating, since there is a component of
the incident electric-field normal to the surface of the coupling-in grating. On examining
the measured reflectivity data (Fig. 4.5 (a)) a dark band (reflection minima) is observed
below the diffraction edge (solid red curve). However, as expected there is an absence
of coupling to this mode with TE-polarised radiation when φ = 0◦ (Fig. 4.5 (b)), since
there is no normal component of the incident electric-field to the grating structure.
Next consider the response of the structure to radiation incident in the plane that
is perpendicular to the grating vector (i.e. parallel to the rods), corresponding to an
azimuthal angle of φ = 90◦. It can be seen that the surface mode is weakly coupled
to with TM-polarised radiation (Fig. 4.5 (a)), whilst there is an absence of coupling
to this mode when the structure is illuminated with TE-polarised radiation (Fig. 4.5
(b)). The experimental response (circles) of the structure to TM-polarised radiation
incident at φ = 90◦ (θ = 30◦) is shown in Figure 4.6 (a), together with the predicted
reflectivity response (red curve Fig. 4.6 (a)). The first reflection minima is associated
with the surface mode, and the five higher order modes with the localised resonances
(waveguides modes) discussed in the previous section. Note that an angle of θ = 33◦ has
been used in the calculations of the predicted reflectivity spectrum. Further modelling
revealed (not shown) that whilst the position and depth of the localised resonances
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Figure 4.5: (a) TM- and (b) TE- polarised experimental azimuthal (φ)-
dependent reflectivity response (grey scale) of the structure, when metallic rods
are placed on the metallic regions of the hole array, to radiation incident at
θ = 30◦, plotted on a linear scale from 0 to 1. Light and dark regions corre-
spond to high and low reflectivity, respectively. The red dashed line represents
the cutoff frequency of a single, isolated guide of infinite length and the solid red
lines the first order diffracted light lines.
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(waveguide modes) are insensitive to a variation in θ, the frequency of the reflectivity
minima associated with the surface mode is highly sensitive to the angle of incidence (θ),
as shown in Figure 4.1. It is found that a value of θ = 33◦ in the calculations provides the
best fit to the experimental data. The broadening and shallowing of the experimentally
characterised surface mode compared to the predicted response can be attributed to a
spread in θ which is present in the experimental setup, as well as imperfections in the
sample. The instantaneous vector electric field plotted at the frequency corresponding to
the lowest frequency reflection minima associated with the surface mode (when φ = 0◦)
is shown in Figure 4.6 (b). Here red regions correspond to high field enhancement and
blue to a field magnitude of zero. It can be seen that high fields exist over the metal
regions of the surface and the looping E-fields are typical of a surface plasmon-like mode
(as discussed in Chapter 2).
For non-zero polar angles (θ 6= 0◦), a TM-polarised field will contain a component
of electric field normal to the surface of the coupling-in grating. Therefore one would
expect that it is possible to couple TM-polarised radiation incident at any azimuthal
angle (except when φ = 90◦ and θ = 0◦) to the surface mode supported by the hole array.
However, whilst a dark band (reflection minima) associated with the surface mode is
observed following the first order diffracted light line in Fig. 4.5 (a), it is of note
that the strength (depth) of this mode decreases dramatically within a small frequency
band, centred around 13 GHz. The reason for the lack of coupling within this frequency
window can be established by considering the geometrical constraint under which direct
coupling of incident radiation to this mode is prohibited. This condition is met when
the wavevector of the incident radiation of momentum k0 sin θ and the wavevector of
the surface wave (kSW) are perpendicular. For a fixed θ, using simple trigonometry, at
a particular frequency and for a particular value of φ, it will not be possible to achieve
coupling between the incident radiation and the surface mode. Resolving for φ = 65◦,
the frequency at which these two vectors are perpendicular occurs at f = 13.1 GHz. At
frequencies close to this, the strength of the mode diminishes rapidly.
It has been noted previously that when TE-polarised radiation is incident on the
sample in the plane perpendicular to the grating vector (φ = 90◦) despite the incident
field containing a component of the electric vector normal to the surface of the coupling-
in grating, there is an absence of coupling to the surface mode below the fundamental
resonance of the hole array (Fig. 4.5 (b)). This can be attributed to the symmetry of
the system, specifically the presence of the mirror plane perpendicular to the incident
electric field. For light incident at φ = 90◦, the resulting surface wave is the product of
two surface waves scattered from ±kg. But due to the presence of the mirror plane it is
not possible to simultaneously excite both surface waves.
A further experiment has been carried out to demonstrate that coupling to the
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Figure 4.6: (a) Experimental (circles) and predicted (red curve) reflectivity
response of the hole array with the coupling-in grating placed on the metal regions
of the hole array (at a periodicity of 2d) to TM-polarised radiation incident at
φ = 90◦ (θ = 30◦). (b) Predicted instantaneous vector electric field plotted at the
reflectivity minima associated with the surface modes excited by a TM-polarised
field incident on the sample at φ = 0◦. Red and blue regions correspond to high
and zero field magnitude, respectively.
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Figure 4.7: Schematic representation of a cross-section of the hole array and
coupling-in grating. The coupling-in grating is formed from a pair of metallic rods
of uniform circular cross-section, radius r = 1.6 mm and r′ = 1 mm, and is placed
on top of the hole array on the metal regions at a periodicity λg = 2d.
surface mode with TE-polarised radiation, when the plane of incidence is perpendicular
to the grating wavevector, can be achieved by reducing the symmetry of the system. The
coupling-in grating, previously formed from periodically positioned single rods (of radius
r), is replaced with one comprising paired rods of different cross-sections. Once again
each rod has a uniform circular cross-section, which extend the width of the sample,
however one of the paired rods has a radius of r = 1.6 mm and the second a smaller
radius of r′ = 1 mm. Note that pitch of the coupling-in grating is still 2d. A schematic
representation of this dual-rod coupling-in grating and the hole array is shown in Figure
4.7. As can be seen in Figure 4.8 which shows the azimuthal (φ)-dependent reflectivity
response of the structure to TE-polarised radiation incident on the sample at θ = 30◦,
coupling to the mode at φ = 90◦ is achieved, evidenced by the reflection minima (dark
band) at approximately 14 GHz.
4.4.3 Metallic Coupling-In Grating on Dielectric Regions of Hole Ar-
ray
In this section it will be shown that it is possible to alter the dispersion of the surface
modes supported by the hole array by changing the position of the coupling-in grating
with respect to the hole array beneath. This is a direct consequence of the pitch of
the structure and the wavelength of the incident radiation being comparable. If the
pitch of the hole array was ultra-subwavelength (λg << λ0), this structure could be
approximated as a homogeneous plasmonic-like material, and the relative position of
the coupling-in grating and hole array would not be a consideration in determining the
dispersion of the supported surface modes. However, since the wavelength of incident
radiation is such that it can resolve the features of the hole array and coupling-in grating,
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Figure 4.8: Experimental azimuthal (φ)-dependent reflectivity response (grey
scale) of hole array and metallic coupling-in grating to TE-polarised radiation
incident at θ = 30◦, plotted on a linear scale from 0 to 1. Light and dark regions
correspond to high and low reflectivity respectively. The coupling-in grating is
formed from paired rods of uniform circular cross-section, radius r = 1.6 mm and
r = 1 mm, placed on top of the metal regions of the sample, at a periodicity 2d.
The red dashed line represents the cutoff frequency of a single, isolated guide of
infinite length and the solid red lines the first order diffracted light lines.
a thorough investigation into the effect that their position with respect to each other
has on the dispersion of the surface modes supported by the hole array is required.
The coupling-in grating in this section is once again formed from metallic rods with
a uniform circular cross-section of radius r = 1.6 mm, which extend the full width of the
hole array. As in the previous section, the rods are arranged such that they lie parallel to
each other with a periodicity twice that of the hole array beneath (λg = 2d). However,
each rod is now placed on top of the hole array over the voids (holes), rather than the
metal regions. To achieve this whilst imposing equivalent boundary conditions on every
hole and maintaining a 2d periodicity, the rods are placed on the sample at a spacing of
a/3 : 2a/3, as illustrated in Figure 4.9. (Equally as long as the rods lay over the voids
and the 2d periodicity is maintained, this could be any ratio except a/2 : a/2.) Obviously
in this arrangement, the boundary condition on the top surface of the hole array has
changed significantly compared to when the coupling-in grating lay on the metal regions
of the substrate (in the limit where the diameter of the metallic rods and width of the
metal regions are comparable); each void is now partially covered by a metallic rod. It
can be predicted therefore that the fields of the surface mode supported by the hole
array will be significantly perturbed by the presence of the coupling-in grating when the
metallic rods lie over the voids.
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Figure 4.9: Schematic representation of a cross-section of the hole array and
coupling-in grating. The coupling-in grating is formed from metallic rods of uni-
form circular cross-section, radius r = 1.6 mm, and is placed on top of the voids
of the hole array at a periodicity λg = 2d, at a spacing a/3 : 2a/3.
The azimuthal (φ)-dependent reflectivity response (grey scale) of the structure to
TM- and TE-polarised radiation incident on the sample at θ = 30◦ is shown in Figure
4.10 (a) and (b), respectively. Here light regions correspond to a high reflectivity and
black a reflectivity of zero. The horizontal dashed line and solid lines represent the cutoff
frequency of an infinitely long guide and first-order diffracted light lines, respectively.
Perhaps one of the most striking features of these grey scale plots is the lack of coupling,
evidenced by the highly reflecting regions (bright bands), observed at all frequencies for
a certain range of azimuthal angles. This bright band is centred around φ = 90◦ in
the TM-polarised response, and φ = 0◦ when TE-polarised radiation is incident on the
sample. The bands of high reflectivity can be explained by considering the coupling-
in grating to be acting in the similar manner as a wire-grid polarizer, i.e. a regular
array of parallel metallic wires with a pitch that is subwavelength with respect to the
probing radiation. When radiation incident on the structure contains a component of
electric-field aligned parallel to the wires, the polariser (or coupling-in grating) behaves
in a similar manner to the surface of a metal, reflecting the incident beam. That is,
electrons in the metal sheet are free to oscillate in the direction of the incident field.
However, the radiation emitted by the electrons is 180◦ out of phase with the incident
radiation, resulting in very small levels of transmission [76].
The most significant result however is revealed on comparing the experimental results
to the predicted response of the system. Figure 4.11 shows the experimental response
(circles) of the structure to TM-polarised radiation incident on the sample at φ = 0◦
(θ = 30◦) together with the predicted response when there is a 10 µm gap between the
grating and hole array (dashed red curve) and when the grating and hole array are in
electrical contact (solid red curve). It can be seen that not only does the lower frequency
mode (mode (A)) shift up in frequency by approximately 0.5 GHz when the hole array
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Figure 4.10: (a) TM- and (b) TE- polarised experimental azimuthal (φ)-
dependent reflectivity response (grey scale) of the hole array and metallic
coupling-in grating to radiation incident on the sample at θ = 30◦, plotted on
a linear scale from 0 to 1. Light and dark regions correspond to high and low
reflectivity respectively. The coupling-in grating is formed from rods of uniform
circular cross-section, radius r = 1.6 mm, placed on top of the voids(holes) of the
hole array, at a periodicity 2d. The red dashed line represents the cutoff frequency
of a single, isolated guide of infinite length and the solid red lines the first order
diffracted light lines.
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Figure 4.11: The experimental response (circles) of hole array and coupling-
in grating (when it is placed over the voids of the hole array) to TM-polarised
radiation incident at φ = 0◦ (θ = 30◦), together with the predicted response when
there is a 10 µm gap between the grating and hole array (red dashed curve) and
when the grating and hole array are in electrical contact (red solid curve).
and grating are disconnected, but more intriguing is the absence of the deep mode in the
experimental data, observed in the predicted response centred at approximately 13.5GHz
(labelled mode (B)), when there is a 10µm gap between the coupling-in grating and hole
array. The issue of the absence of this mode in the experimental data will be addressed
in due course, first however consider the effect that the gap between the coupling-in
grating and the hole array has on the position of mode (A) (i.e. the lower frequency
mode in Fig. 4.11).
The frequency-dependence of mode (A) on the height of the coupling-in grating above
the hole array, has been explored numerically using a system comprising a coupling-in
grating formed from metallic rods of uniform square cross-section (2 mm × 2 mm), a
schematic cross-section of which is shown in Fig. 4.12 (a). The grating has a pitch
of 2d and is placed on top of the hole array at a spacing of a/3 : 2a/3. The system
has been modelled with the coupling-in grating placed at different heights, g, above the
hole array. Figure 4.12 (b) shows the predicted frequencies of the minima in reflectivity
(squares) associated with mode (A), which have been excited by radiation normally
incident on the structure in the plane containing the grating vector (φ = 0◦), when the
coupling-in grating is placed at different heights (g) above the top plane of the hole
array. The reflection minima occurs at approximately 12.0GHz when the hole array and
coupling-in grating are electrically connected (i.e. when g = 0). As the gap between the
grating and hole array is increased, the frequency of the minima in reflectivity increases.
This behaviour can be understood with the realisation that mode (A) is actually the
lower edge of the band gap that originated from the splitting of two different energy
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Figure 4.12: (a) Schematic representation of a cross-section of the hole array
and coupling-in grating. The coupling-in grating is formed from metallic rods of
uniform square cross-section (2 mm× 2 mm) and is placed on top of the dielectric
regions of the hole array at a periodicity λg = 2d, at a spacing of a/2 : 2a/3. (b)
Predicted minima in reflectivity (squares) associated with mode (A), excited by
a normal incident beam in the plane containing the grating vector, as a function
of height (g) of the coupling-in grating above the top plane of the hole array
structure.
solutions of the surface wave at kx = 0. As discussed in Section 2.2.3.1 a band gap in the
dispersion of the mode will occur at a Brillouin zone, the size of which is determined by
the difference in energy between the two different standing wave solutions. As expected,
the coupling-in rods will perturb the evanescent fields of the surface mode supported by
the hole array more when the grating is in closer contact with the substrate, evidenced
by the predicted minima in reflectivity associated with mode (A) occurring at the lowest
frequency when the rods and hole array are in electrical contact, indicative of a larger
band gap. In the limit of large g the mode approaches the limiting frequency of the
fundamental resonance of the hole (red dashed curve Fig. 4.12 (b)). Note that in the
case when the coupling-in grating is placed over the metal regions of the hole array, only
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Figure 4.13: Instantaneous vector eclectic-fields of the mode associated with the
(a) lowest and (b) highest band edge of band gap in the surface wave dispersion
at kx = 0. Red and blue regions correspond to a high and zero field magnitude,
respectively.
one of the two energy solutions are possible, as the other standing wave solution would
correspond to where the electrical charges would be required to sit on the voids (i.e.
dielectric regions) of the hole array.
By observation of the fields it follows that the theoretically predicted higher fre-
quency mode in Fig. 4.11, labelled mode (B), is the upper band edge of the aforemen-
tioned band gap in the surface wave dispersion. The instantaneous vector electric field,
plotted in the xz-plane, associated with the lower and upper band edge of the surface
mode supported when the coupling-in grating and hole array are in electrical contact,
when the plane of incidence contains the grating wavevector (φ = 0◦), are shown in
Figure 4.13 (a) and (b) respectively. It can be seen that high vertical fields are centred
on the metal regions for the mode associated with the upper band edge and over the
rods (dielectric regions) for the mode associated with the lower band edge. Note that
the rods are connected by the ridges in the x-direction.
The question still remains though as to why only the mode associated with the lower
band edge (mode (A)) is only slightly sensitive to a gap (g 6= 0) between the coupling-in
grating and hole array, whilst the highest frequency mode (upper band edge, mode (B))
is supported only when electrical contact between the hole array and coupling-in grating
is established. The answer is revealed when the distribution of charges on the coupling-in
grating and hole array associated with mode (A) and mode (B) are considered.
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Firstly consider the field distribution of the mode associated with the lower band
edge (mode (A)) when the coupling-in grating and hole array are in electrical contact.
As previously stated Figure 4.13 (a) shows the predicted instantaneous vector electric
field plotted in the xz-plane of the mode associated with lowest band edge, excited by
a TM-polarised field incident in the plane containing the grating vector. It can be seen
that only horizontal Ex fields exist immediately above the metallic regions of the hole
array, and high vertical fields (Ez) (red regions) are observed above the rods. Since Ez
switches direction in between the rods, neighbouring rods are oppositely charged whilst
the substrate is charge neutral; charge flow is from rod to rod through the substrate.
Further evidence for this is provided by examining the predicted instantaneous vector
electric field in the xy-plane at the top interface of the hole array (Figure 4.14 (a)). The
black arrows represent the direction of the electric vector underneath each rod. It can
be seen that high vertical fields (red regions) are observed beneath each rod, and the
electric vector underneath neighbouring rods is in the opposite direction. A schematic
representation of the charges on the rods is shown in the inset of Fig. 4.14 (a), the left
hand rod is said to be negatively (-) charged and the right hand one positively charged
(+).
Next consider the field distribution of the mode associated with the upper band
edge (mode (B)) when the coupling-in grating and hole array in electrical contact. Once
again, as previously stated, Figure 4.13 (b) shows the predicted instantaneous vector
electric field plotted in the xz-plane of the mode associated with the upper band edge,
excited by a TM-polarised field incident in the plane containing the grating vector.
High vertical fields are now observed over the metallic regions of the substrate (away
from the coupling-in grating) and Ez switches direction over the dielectric regions of
the hole array. Each rod now has the same charge and the substrate the opposite
charge; charge flow is from rod to substrate. Further evidence for this is revealed on
examining the predicted instantaneous vector electric field in the xy-plane at the top
interface of the hole array (Figure 4.14 (b)). The black arrows once again represent the
direction of the electric vector underneath each rod, the electric vector is in the same
direction underneath each rod; neighbouring rods carry the same charge. A schematic
representation of the charges on the rods is shown in the inset of Fig. 4.14 (b), each
rods carry the same positive (+) charge.
Now consider the effect of raising the coupling-in grating above the substrate on
both modes (A) and (B). It is possible for the lower frequency mode (mode (A)) to still
be supported when electrical contact between the hole array and sample is broken, since
it is possible for the substrate to remain charge neutral. The only difference between the
charge distribution associated with the connected and disconnected structure for mode
(A) being that high vertical fields are induced in the gap between the metallic regions
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Figure 4.14: Predicted instantaneous vector electric field plotted in the xy-
plane at the top interface of the hole array associated with (a) mode (A) and (b)
mode (B) when the grating and hole array are connected, and (c) mode (A) when
there is a g = 10µm gap between the grating and hole array. Red and blue regions
correspond to a high and field magnitude of zero respectively. The black arrows
indicate the direction of the electric vector underneath the rods. The insets show
a schematic representation of the charge distribution on the grating.
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of the substrate and the hole array, as observed in Fig. 4.14 (c). It is also of note that
the field distribution along the rods switch direction (indicated by the black arrows)
such as to remain charge neutral, since they are now each isolated electrically from the
substrate. Once again a schematic representation of the charges on the grating is shown
in the inset of Fig. 4.14 (c). It is not possible for the substrate to keep the same charge
beneath the rods when electrical contact between the grating and hole array is broken,
a requirement to support mode (B), therefore the upper band edge is not observed in
the response of the structure when a gap exists between the substrate and grating.
4.4.4 Experimentally achieving Electrical Connection
Modelling of the system discussed in Section 4.4.3 (i.e. coupling-in grating placed over
the dielectric regions of the hole array) showed that it was pertinent to consider the
effect that gaps between the hole array and coupling-in grating have on the modes
supported by the hole array. The predicted broad deep mode (labelled mode (B) Fig.
4.11 and Fig. 4.15) close to the cutoff of the holes was not experimentally characterised
and further modelling revealed that an electrical connection between the hole array and
coupling-in grating was necessary to observe this mode. It can be concluded therefore
that an alternative method to simply placing the coupling-in grating on the hole array
to ensure that the two components of the system are in electrical contact is required.
The experiment was repeated using a conducting paste in between the grating and
hole array at each point where the grating lay over a metallic region of the hole array.
Not only was the desired position of the rods maintained since the paste acted as an ad-
hesive, but more importantly an electrical connection between the two components was
achieved. The resulting azimuthal (φ)-dependent reflectivity response of the structure
to TM-polarised radiation incident at θ = 30◦ is shown in Figure 4.15 (a). Here dark
and light regions correspond to low and high reflectivity, respectively. Below the funda-
mental resonance of the hole (red dashed line for a hole of infinite length), the predicted
broad dark band (labelled mode (B)) is now experimentally observed. Note this mode
is only observed at low azimuthal angles, since at higher angles the coupling-in grating
is acting as a wire-grid polariser. The predicted reflectivity response (solid red curve)
together with the new data in which a conducting paste has been used between the
grating and hole array (circles) is shown in Figure 4.15 (b). Further modelling reveals
that a more accurate fit to the experimental data can be achieved when the coupling-in
grating is placed at a position of 3a/10 : 7a/10 in the calculations (red dashed curve).
It is of note that the ability to ‘switch off’ this broad deep mode simply by creating
an ultra-subwavelength gap (10 µm) between the hole array and coupling-in grating is
particularly surprising.
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Figure 4.15: (a) TM-polarised experimental azimuthal (φ)-dependent reflectiv-
ity response (grey scale) of hole array and metallic coupling-in grating to radiation
incident on the sample at θ = 30◦, plotted on a linear scale from 0 to 1. Light and
dark regions correspond to high and low reflectivity, respectively. The coupling-in
grating is formed from rods of uniform circular cross-section, radius r = 1.6 mm,
and is placed on top of the voids(holes) of the substrate at a periodicity 2d. The
red dashed line represents the cutoff frequency of a single, isolated guide of infinite
length and the solid red lines the first order diffracted light lines. (b) Predicted
reflectivity response when the rods are positioned at a/3 : 2a/3 (solid red curve)
and 3a/10 : 7a/10 (red dashed curve), together with the new data in which a
conducting paste has been used between the grating and hole array (circles).
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4.5 Predictions to Change the size of the Band Gap
4.5.1 Position of the Coupling-In grating in the xz-plane
In Section 4.4.3 and 4.4.4 it was shown that two modes were observed below the fun-
damental localised resonance of the holes in the azimuthal(φ)-dependent reflectivity
response of the structure (i.e. coupling-in grating placed over the dielectric regions of
the hole array) to TM-polarised radiation incident at a fixed polar angle (θ = 30◦).
These were associated with the upper and lower band edges of the band gap in the sur-
face wave dispersion relation. In this section it will be shown that the size of this band
gap (at kx = 0) can be controlled by changing the position of the coupling-in grating in
the xy-plane at the top interface of the hole array, whilst ensuring that each rod remains
over the dielectric regions of the substrate and the 2d periodicity of the grating is main-
tained. Thus far, when investigating the modes supported by the hole array when the
coupling-in grating is placed over the dielectric regions of the substrate, the grating has
been placed at only a single position, each rod has been centred at a/3 : 2a/3 or 33 : 66
as a percentage of the width of a single hole. However this positioning is arbitrary, as
long as the rods are not centred over every hole (i.e. a/2 : a/2) such as to destroy the
2d periodicity, the position of the rods with respect to the hole array in the xy-plane at
the top interface of the hole array can be changed. The predicted dispersion, obtained
using the eigenmode solver in HFSS, of the surface modes supported by the hole array
below the fundamental resonance of the holes (red dashed line) when the rods (radius
r = 1 mm) are placed at three different positions over the dielectric regions of the sub-
strate, when radiation is incident in the plane containing the grating vector (φ = 0◦) are
shown in Figure 4.16. The black and red squares represent the dispersion of the lower
and upper band edge respectively. Figure 4.16 (a) shows the predicted dispersion of the
surface waves supported by the hole array when the rods are positioned at 25 : 75, and
30 : 70 and 40 : 60 in Figure 4.16 (b) and (c), respectively. The biggest perturbation
to the fields associated with the surface mode, i.e. the largest band gap at kx = 0, is
achieved when the rods are positioned closest to the centre of the holes. This can be
understood by considering that the largest difference in energy between the two energy
solutions would occur when the coupling-in grating is placed at a position closest to
50 : 50.
4.5.2 Radius of Coupling-In Grating
In this section it will be shown that the size of the band gap at normal incidence can
also be controlled by selecting the radius of the rods forming the coupling-in grating.
It is not too surprising that a larger band gap will be induced by rods with a larger
radius since they will act as a greater perturbation to the fields associated with the
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Figure 4.16: Predicted eigenmodes associated with the upper (red squares)
and lower (black squares) band edge of the surface supported by the hole array
structure when metallic rods of radius r = 1 mm, pitch 2d, are centred at (a)
25 : 75 (b) 30 : 70 (c) 40 : 60 as a percentage of the width of the holes, on the top
interface of the hole array. The red dashed and solid curves represents the cutoff
frequency of a single, isolated hole of infinite length and first-order diffracted light
lines respectively.
surface mode supported by the structure. The predicted dispersion of the surface modes
supported by the hole array below the fundamental resonance of the hole (red dashed
line), when radiation is incident on the sample in the plane containing the grating vector,
when rods of circular cross-section of radius r = 1 mm, r = 2 mm and r = 3 mm are
positioned at a/3 : 2a/3, are shown in Figure 4.17 (a) - (c) respectively. Of note is
the unusually flat-banded nature of the lowest band edge (black squares Fig. 4.17 (c))
when r = 3 mm. The dispersion for an equivalent system but with rods formed from
glass rods (characterised by a permittivity of 5.5) of radius r = 1 mm, r = 2 mm and
r = 3 mm is shown in Figure 4.17 (d) - (f), respectively. The striking difference between
the dispersion of the modes in a system comprising a metallic grating compared to a
dielectric one, is that no band gap is observed in the dispersion of the modes diffractively
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coupled by a dielectric grating. Whilst the upper branch of the band gap remains pinned
close to the cutoff frequency of the holes and the lower branch reduces in frequency with
increasing radius of the metallic rods, no difference in energy at kx = 0 is predicted
between the two modes observed in the system comprising a dielectric grating. Further,
the frequency at which these two modes approach the Brillouin zone boundary at kx = 0
decreases in frequency with increasing radius. This can be understood since due to the
strong localisation of the fields of the surface wave at the interface between the hole
array and grating, the frequency at which the mode is supported is extremely sensitive
to the dielectric function of the medium adjacent to the top surface of the hole array.
As the radius of the rods increases, effectively the dielectric coupling-in grating acts as
a dielectric over-layer with increasing thickness, such as to reduce to frequency at which
the surface modes are supported [77–79].
4.5.3 Dielectric Coupling-In Grating
The azimuthal (φ)-dependence of the two surface modes diffractively coupled by a di-
electric grating placed over the dielectric regions of the hole array, discussed in section
4.5.2 is experimentally characterised. Comprising rods of circular cross-section, radius
r = 1.82 mm, pitch λg = 2d, which extend the width of the sample, the coupling-in
grating is positioned at a/3 : 2a/3. Figure 4.18 shows the measured reflectivity response
(grey scale) of the structure to TM-polarised radiation incident on the sample at θ = 30◦.
Light and dark regions correspond to high and low reflectivity, respectively. The cou-
pling strength to the two modes (dark bands) observed below the fundamental localised
resonance of the holes (red dashed curve) and following the first order diffracted light
line (solid red curve) is shown to be highly dependent on the azimuthal angle at which
radiation is incident on the sample. The predicted instantaneous vector electric fields
associated with these two modes are shown in Figure 4.18. Note these fields have been
obtained using the eigenmode solver in HFSS and corresponds to the modes supported
at φ = 0◦ and θ = 0◦. The field distribution associated with the lower frequency mode
(Fig. 4.18 (b)) closely resembles that of the modes observed when metallic rods were
placed on the metallic regions of the hole array. Regions of strongest field are located
directly above the metal regions (highlighted grey) and the field-line loops are surface
plasmon-like in character. The character of the highest frequency mode (Fig. 4.18 (c))
is somewhat different, horizontal fields exist over the metallic regions (highlighted grey),
whilst maximum field enhancement is observed above the dielectric rods. Further mod-
elling (not shown) reveals that unlike for a metallic coupling-in grating, the observation
of the highest frequency mode is not dependent on ensuring that electrical connection
is maintained between the substrate and coupling-in grating, however there is a slight
shift up in frequency when the structure is disconnected. This perturbation can be
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Figure 4.17: Predicted eigenmodes associated with the upper (red squares)
and lower (black squares) band edge of the surface supported by the hole array
structure when metallic rods of radius (a) r = 1 mm, (b) r = 2 mm and (c)
r = 3 mm, pitch 2d are centered at a/3 : 2a/3 over the dielectric regions on the
top interface of the hole array. The equivalent plots but for a coupling-in grating
formed from glass rods of radius (d) r = 1 mm, (e) r = 2 mm and (f) r = 3 mm
are also shown. The red dashed and solid curves represents the cutoff frequency
of a single, isolated hole of infinite length and first-order diffracted light lines
respectively.
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Figure 4.18: Experimental azimuthal (φ)-dependent reflectivity response (grey
scale) of hole array and metallic coupling-in grating to TM-polarised radiation
incident at θ = 30◦, plotted on a linear scale from 0 to 1. Light and dark regions
correspond to high and low reflection respectively. The coupling-in grating is
formed from glass rods of uniform circular cross-section, radius r = 1.82 mm,
and is placed on top of the voids (holes) of the hole array, at a periodicity 2d
at the position a/3 : 2a/3. The red dashed line represents the cutoff frequency
of a single, isolated guide of infinite length and the solid red lines the first order
diffracted light lines. Predicted instantaneous vector electric fields plotted in the
xz-plane associated with the (b) lower and (c) upper band edge of the band gap
in the surface wave dispersion at kx = 0 when φ = 0
◦. Red and blue regions
correspond to a high and field magnitude of zero, respectively.
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attributed to the grating having less of a perturbation to the fields associated with the
surface mode when the grating and hole array are not in contact.
4.6 Conclusions
In this chapter it has been shown that when using grating-coupling techniques to couple
incident radiation to surface waves supported by a structure with a periodicity com-
parable to the wavelength of the probing radiation, the relative position of the two
components is significant; a key issue not discussed in the literature, when investigating
pseudo-plasmonic surfaces in the microwave regime. In this chapter, this issue has been
addressed by investigating the azimuthal-dependence of the surface modes supported
by a hole array structure when a coupling-in grating has been placed at different po-
sitions with respect to the hole array. Of particular note is the ability to ‘switch off’
a broad deep mode in the response of the structure when a metallic grating is placed
over the dielectric regions of the hole array, by breaking electrical contact between the
substrate and grating. Further it has been shown that a dielectric grating can also be
used to diffractively couple incident radiation to the supported surface modes, with a
gap between the grating and hole array predicted to be less critical.
66
Chapter 5
Structurally-Dictated Anisotropic
Surface Waves on a Rectangular
Hole Array
5.1 Introduction
In this Chapter, structurally-dictated surface waves supported by a near perfectly con-
ducting substrate pierced by a close-packed array of deep, rectangular holes is charac-
terised. In this arrangement, unlike in Chapter 4, the fundamental resonance in the
holes in the orthogonal directions is different, and the frequency therefore to which the
dispersion of the surface waves supported by the structure is limited, varies with sample
orientation. The anisotropic dispersion resulting from an ellipsoid of limiting frequen-
cies, is directly mapped utilising blade-coupling techniques to excite the modes and by
phase resolved measurements to determine their dispersion. Furthermore, by exploiting
the anisotropy of the unit cell, the family of higher order surface waves associated with
the quantisation of the electromagnetic fields within the holes is also explored.
5.2 Background
It is intrinsically difficult to induce an anisotropic response from a naturally occurring
planar metallic structure. However, the concept of strongly bound ‘spoof’ or ‘designer’
surface waves, introduced by Pendry et al. [3] in 2004, and the subsequent wealth of
studies confirming their existence such as those reported in [2, 4, 6, 26, 32, 56, 58,
71, 80] suggest it is possible to select specifically designed anisotropic electromagnetic
properties, simply by choosing the desired symmetry of the structure.
In this chapter, the concept of pseudo-plasmonic surfaces at microwave frequencies
is extended to include structures with a high degree of surface anisotropy. Structurally-
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dictated anisotropic ‘spoof’ or ‘designer’ surface waves on a near perfectly conducting
metal surface pierced by a rectangular array of close-packed, deep rectangular holes
is characterised. Due to the rectangular geometry of the holes, the fundamental reso-
nance of the structure in orthogonal directions, and therefore the frequency to which
the dispersion of the surface wave is limited (as discussed in Chapter 2) is substantially
different. This is in contrast for instance, to the optical study of Feng et al, [81] on an
anisotropic plasmonic metamaterial which is formed from a periodic two-dimensional
array of nanoholes in a thin metal film with differing periodicities in the orthogonal
directions. The anisotropy in Feng et al.’s study is associated primarily with diffrac-
tion (i.e. periodicity of the rectangular lattice) that strongly perturbs the dispersion
of the surface mode without any variation of the limiting frequencies. The structure
is analogous to an optical birefringent crystal where the optical anisotropy originates
from atomic scale dipole moments that vary in space depending on the crystal lattice.
The constructed artificial form birefringement metal in Ref. [81] demonstrates different
polarisabilties along different optical axes, thus leading to optical anisotropy of excited
surface waves (SPPs).
For a hole with rectangular cross-section of side length axˆ and byˆ, there are two dis-
tinct cutoff frequencies. These correspond to the TE10 waveguide modes, the predicted
time-averaged electric field profiles of which are shown in Figure 5.1 (a) and (b), for an
electric field polarised along the y- and x- axes respectively. Red regions correspond to
high field enhancement and blue to a field magnitude of zero. The surface asymmetry
of the rectangular hole array studied in this chapter provides an additional degree of
freedom in the manipulation of designer surface waves. Whilst the width of the hole in
one direction (i.e. axˆ) dictates the resonant frequency for an incident polarisation (elec-
tric vector) directed along the y-direction, the pitch in the orthogonal direction (i.e.λbyˆ)
dictates the onset of diffraction. Hence, it is possible to independently control these
two frequencies and tailor the geometry of the unit cell to separate these two limits.
This allows for the excitation and observation of the higher order surface waves in the
non-diffracting region.
Furthermore, in addition to the lateral quantisation of the field within the hole,
the field is also quantised along the depth of the hole, and a family of surface modes
can be supported, each associated with a depth-quantised hole resonance. Previous
investigations into the dispersion of these higher order modes had been purely limited to
theoretical studies on periodically structured metal surfaces formed from groove cavities
[82], and finite depth square [83] and rectangular cross-section holes [31]. In these
studies it was shown that each band is associated with a resonant mode of the cavity,
resulting from a quantisation of the field along its length. However, more recently the
experimentally measured multi-modal transmission through a square array of circular
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Figure 5.1: Predicted time-averaged electric-field profiles of TE10 waveguide
modes supported by a waveguide with rectangular cross-section for electric field
polarisations directed along the (a) y- and (b) x- axes.
holes [84] has been reported, as well as a family of TM surface waves on a square array
of square cross-section pillars [69] which are asymptotic to frequencies defined by the
pillar height (slits) and refractive index of material filling the slits. In addition to the
anisotropy discussed above, we are able to experimentally report the observation of a
similar family of modes.
Due to the non-radiative nature of the surface modes supported by the structure,
as discussed in Chapter 2, a suitable mechanism for wave-vector matching to free space
radiation is required for the excitation of the aforementioned modes. Whilst in the pre-
vious chapter, a grating coupling technique was employed to couple free-space radiation
to the surface modes supported by the structure, blade-coupling techniques as described
in Section 3.2.3, are utilised in this chapter. When combined with phase-resolved mea-
surements, the technique allows for the direct measurement of the dispersion of the
supported surface waves in the non-radiative regime.
5.3 Experimental Sample
The experimental sample is comprised from an array, approximately 350 × 350 mm in
size, of wax-filled (h = 2.25) closed-ended rectangular brass tubes. The unit cell (Fig.
6.1) is formed from a single rectangular element of size λa = 9 mm and λb = 6 mm
in the xˆ and yˆ directions respectively. Whilst the pitch of the structure dictates the
frequency of the onset of diffraction, it is the inner dimensions of the tubes, a = 8 mm
and b = 5 mm, together with the refractive index, n =
√
µhh, where µh and h are
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Figure 5.2: Schematic representation of the unit cell. The long pitch of the
tube λa = 9 mm and the orthogonal shorter pitch λb = 6 mm the inner dimension
of the hole are a = 8 mm and b = 5 mm.
the relative permeability and permittivity respectively) of the material filling the hole,
which determine the fundamental resonances of the system. For a guide of infinite length
this resonance is determined by the cross-section of the hole. This cutoff frequency is
determined by equations 5.3.1 and 5.3.2 for electric field polarisations directed along the
y- and x- axis respectively.
νa =
c
2a
√
hµh
(5.3.1)
νb =
c
2b
√
hµh
(5.3.2)
However, in the present work, the tubes are of finite length, h = 30 mm, thus the
fundamental modes supported by the tubes are shifted upwards in frequency above
the cutoff of an infinite length tube due to the additional quantisation (approximately
odd-integer quarter-wavelengths) along the tube length in the z -direction [6].
5.4 Experimental Techniques
Blade-coupling techniques and phase resolved measurements are employed to couple
TM-polarised radiation (8 GHz ≤ f ≤ 40GHz) to surface modes in order to directly
map out their dispersion (further details can be found in Section 3.2.3). However, in
addition to recording the phase information, which is used to characterise the dispersion
of the supported modes, it is also useful to measure the magnitude of the signal detected
by the microwave horn on the opposite side of the sample. Figure 5.3 (a) shows the
magnitude (black curve) plotted on a linear scale and group delay(red curve), which is
derived from the measured phase information of the signal (plotted in arbitrary units)
measured at the second ‘detector’ microwave horn when the plane of incidence contains
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the short axis (φ = 0◦). A series of peaks is observed in both the magnitude and group
delay data, which can be attributed to the family of surface modes (labelled N= 0 − 6
Fig. 5.3) supported by this structure. The magnitude of the signal associated with the
fundamental surface mode (N= 0) is initially relatively high in the region where the
group delay has a relatively constant gradient and the dispersion of the mode closely
follows the light line. The strength of the signal drops sharply within a frequency range
defined by the width of the group delay peak. Within the peak of the group delay,
the magnitude of the signal is more comparable to the magnitude of the peaks of the
higher order surface modes, the strength of which, with increasing order (N), decreases.
Note the magnitude of the signal associated with the higher order modes (N > 0) is
significantly less than that associated with the fundamental mode, this is due to the
dispersion of the higher modes being close to being flat-banded.
On comparison of the position of the peaks in the magnitude and group delay data,
it is clear they do not coincide, with the peaks in group delay occurring at a higher
frequency than that of the magnitude data. To understand this behavior it is important
to establish first what physical mechanism causes a peak in the group delay signal but
more fundamentally what group delay (τ) is a measure of. Qualitatively it is the negative
slope of the phase response, and is a derived quantity from the phase measurements,
formally it can be written as
τ(ω) =
−∂φ(ω)
∂ω
(5.4.1)
where φ is the phase in radians and ω the frequency in radians/second. For a non-
dispersive system, group delay is not a function of frequency but constant. However
dispersive systems (like the one discussed in this chapter) have a non-linear phase versus
frequency response. A maximum value of group delay is reached when the phase of the
recorded signal is changing most rapidly with respect to frequency. A flat portion of the
group delay curve is equivalent to the part of the dispersion curve where the mode has
a constant gradient, which in this system would correspond to where the gradient of the
mode matches that of the light line. A peak in the group delay curve is indicative of
the mode travelling at it’s slowest, theoretically this would occur at the Brillouin zone
boundary where a standing wave condition is reached and the peak would be of infinite
height (as the signal would be infinitely delayed). Experimentally this condition is not
met, and the measured peak has a finite height and width (attributable to the width of
the mode, due to the losses in the system.)
The phase data (green curve), which is characterised by a saw tooth oscillation
and is continuously measured as a function of frequency between −pi to +pi, together
with the magnitude (black curve) and group delay (red curve) is plotted on the same
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Figure 5.3: (a) Magnitude (black line) and group delay (red line) of the signal
(plotted in arbitrary units) detected by the second microwave horn when radiation
is incident on the sample in the plane containing the short axis, λb (φ = 0
◦). (b)
Magnitude (black line), group delay (red line) and phase (green line) of the signal
detected by the second microwave horn when radiation is incident on the sample
in the plane containing the short axis, λb (φ = 0
◦) for the N = 3 and N = 4 order
surface mode, plotted in arbitrary units.
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Figure 5.4: ‘Unwrapped’ phase information as a function frequency associated
with the first seven modes (labelled N = 0 − 6) supported by the hole array
structure when the plane of incidence contains the short axis.
scale for ease of comparison for the N = 3 and N = 4 order surface modes (Figure 5.3
(b)). In between the resonances no surface mode is supported by the sample, therefore
the magnitude of the signal detected at the second microwave horn is zero. As such,
the phase information recorded in between the frequencies at which surface modes are
supported is simply noise, and the data over this frequency range must be discarded.
The ‘clean’ phase information, recorded at frequencies corresponding to where a surface
mode is supported by the sample, needs to be extracted. Each time a resonance is passed
through, the information about where the dispersion of the mode should commence with
respect to the light line is lost, hence the requirement for the phase measurements to
be taken at two different values of L, i.e. separation between the blades (as discussed
in Section 3.2.3). Note the recorded phase information is ‘unwrapped‘ for use in this
analysis; the 2pi saw tooth oscillations (as shown by the green curve in Fig. 5.3) are
summed when the data is processed. The resulting phase as a function of frequency
after this ‘unwrapping’ process is shown in Figure 5.4. Figure 5.4 also illustrates that
the data is measured as a continuous function of frequency.
Since the data is recorded as a continuous function of frequency, it is necessary to
establish a method in order to obtain discrete sets of data which uniquely correspond to
each mode and a criteria must be established to extract the ‘clean’ phase information in
the final analysis of data which contains multiple modes. By examining the oscillations of
the phase of the recorded signal as a function of frequency, the dispersion of each surface
mode can be tracked. The frequency of the oscillations associated with the recorded
phase information increasing (green curve Fig. 5.3 (b)), is indicative of the velocity of
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the surface mode decreasing. The highest frequency oscillation occurs within the peak
of the group delay data (red curve Fig. 5.3 (b)). It is noted that this occurs in the high-
frequency wings of the peak in magnitude of the signal (black curve Fig. 5.3 (b)), thus
showing that as long as there is even a relatively small amount of signal, ‘clean’ phase
information associated with a surface mode can still be recorded. The data is terminated
at a frequencies corresponding to the highest frequency oscillation. At frequencies when
the recorded phase data becomes ‘clean’ again, the corresponding signal is associated
with the next order mode. This method is applied to each of the surface modes to obtain
discrete sets of data that can be used to characterise the dispersion of each individual
mode. In order to correctly determine the position of the higher order modes in k-space
however, the dispersion is actually calculated using a modified version of equation 3.2.3,
which has an additional 2pin term.
kx =
(
∆φ+ 2pin
∆L
+ k0
)
. (5.4.2)
This allows the mode to be moved by integer (n) multiples of 2pi, since for the higher
order modes their position with respect to the light line is unknown.
5.5 Experimental Results
5.5.1 Dispersion of Surface Waves at φ = 0◦
Initially, TM-polarised radiation impinges on the sample surface with the incident plane
containing the short pitch of the structure λb (φ = 0
◦). In this arrangement the family
of surface modes associated with the quantisation of the field within the holes along
the x-axis (Fig. 5.1 (a)) can readily be measured in the non-diffracting regime. This is
because the onset of diffraction occurs at 25.0 GHz, significantly above the fundamental
resonance of the holes, which for a single, isolated guide of infinite length is defined
by equation 5.3.1, νa = 12.5 GHz, (horizontal red dashed line Fig. 5.5). However this
frequency is modified upwards due to the additional quantisation of the field along the
length of the guide for a finite length tube. Figure 5.5 shows the measured dispersion
(circles), together with the predicted eigenmode solutions associated with each mode
from the FEM modelling (crosses), they show excellent agreement. The zeroth order
surface mode (N = 0) asymptotically approaches the fundamental resonance of the hole,
and six further higher order modes (N = 1-6) are observed in the non-diffracting regime.
The predicted electric field profiles of which, plotted at the Brillouin zone boundary
(ky =
pi
λb
= 525m−1), in the yz-plane, are shown in Figure 5.6 (a)-(f) for N = 1-5 respec-
tively. Here red regions correspond to regions of highest field strength. Each surface
mode in this family is associated with a quantisation of the fundamental waveguide
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Figure 5.5: Experimentally measured dispersion (circles) together with pre-
dicted eigenmode solutions (crosses) of the family of surface modes when the
plane of incidence contains the short pitch of the structure (φ = 0◦). The black
dashed and red dashed lines represent the first-order diffracted light line and cut-
off frequency of the single, isolated guide of infinite length, respectively. The solid
black line is the light line.
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Figure 5.6: Predicted time-averaged electric-field profiles of the (a) N = 0 (b)
N = 1 (c) N = 2 (d) N = 3 (e) N = 4 and (f) N = 5 order surface mode associated
with the νa fundamental resonance of the guide, plotted at the Brillouin zone
boundary (ky =
pi
λb
= 525m−1) in the yz-plane. Red regions correspond to the
highest field enhancement and blue to a field magnitude of zero.
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mode (TE10) in the z−direction, and it is the frequencies of these resonances which
define upper limits for the respective bound surface modes, with each mode located in
between neighbouring resonant frequencies. The group velocity of each mode diminishes
rapidly with increasing wavevector, tending to zero as it asymptotically approaches its
limiting frequency. For the majority of modes however (Fig. 5.5), the signal strength
at higher wavevectors is sufficiently weak that they cannot be well characterised. In
particular higher order modes, where the gradient of the mode is changing most rapidly
and are closer to the onset of diffraction are not as well characterised.
5.5.2 Dispersion of Surface Waves at φ = 90◦
The fundamental surface mode is characterised by a dramatically different dispersion
when the structure is azimuthally rotated by φ = 90◦, such that the plane of incidence
now contains the long pitch of the structure (λa). In this orientation the fundamental
resonance of the hole is increased such that the zeroth order (N = 0) surface mode now
approaches its limiting frequency (represented by horizontal red dashed line Fig. 5.7
(a) for a single, isolated guide of infinite length) above the diffraction edge (16.0 GHz),
it does so while displaying rather limited dispersion. The experimentally characterised
dispersion (circles) together with the predicted eigenmode solutions associated with this
mode (crosses) when radiation is incident in the plane containing the long pitch (λa) are
shown in Figure 5.7 (a). The surface mode closely follows the light line (solid black line)
and its dispersion is only slightly perturbed away from the light line as it approaches
the Brillouin zone boundary, fbz (kx =
pi
λa
= 349.1 m−1) i.e. where the light line and
first order in-plane diffracted light line (black dashed line) cross, at approximately 16.0
GHz in the measured data, which is the frequency the sample becomes diffracting. To
obtain this dispersion, since only the fundamental mode is of interest and its position
with respect to the light line is well known, the relative phase measurement technique
as described in Section 3.2.3 is not necessary and the signal associated with this mode
is therefore compared to a flat metal sheet.
It is necessary to closely examine the eigenmodes of the system in the region where
the light line and first-order in-plane diffracted light line cross. On closer examination
of the predicted dispersion (crosses Fig. 5.7 (b)), the expected band gap at the Brillouin
zone boundary (as discussed in Section 2.2.3.1) is revealed, a feature which it not obvious
in the experimental data. (Note the predicted band gap has been omitted from Fig.
5.7 (a) for clarity). First consider the time-averaged electric fields of the eigenmodes
associated with the lower band edge (red crosses Fig. 5.7 (b)) Fig. 5.8 (a)-(d). High
fields (red regions) are supported on the metal regions and at f < fbz the mode is only
weakly confined to the surface due to the proximity to the light line. With increasing
wavevector, the confinement increases as the supported surface mode becomes sensitive
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Figure 5.7: Experimentally measured dispersion (circles) of the fundamental
surface mode when the plane of incidence contains the long pitch of the struc-
ture (φ = 90◦). The black dashed and red dashed lines represent the first-order
diffracted light line and cutoff frequency of a single, isolated guide of infinite
length, respectively. The solid black line is the light line. The predicted eigen-
mode solutions for the (a) fundamental surface mode (red crosses) and (b) lower
(red crosses) and upper (black crosses) band edge of the fundamental surface
mode in the band gap region, are shown.
to the periodicity of the structure and a standing wave condition is reached at the
Brillouin zone boundary, fbz. The time-averaged electric fields associated with the two
eigenmodes at the Brillouin zone boundary which correspond to the lower and upper
band edge are shown in Figure 5.8 (d) and (e) respectively. The two solutions, as
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Figure 5.8: Predicted time-averaged electric field profiles of the eigenmode
solutions plotted in the xz-plane close to the Brillouin zone boundary kx =
pi
λa
=
349.1m−1, associated with the lower (a)-(d) (increasing wavector) and upper (e)
band edge of the fundamental surface mode in the band gap region. The fields
profiles in (d) and (e) correspond to the predicted field profiles at the Brillouin
zone boundary for the lower and upper band respectively. Red regions correspond
to the highest field strength and blue a field magnitude of zero.
expected are spatially separated by λa/2, with high fields (red regions) predominately
over the metal (white regions) for the mode associated with the lower band edge and
over the voids (holes) for the higher frequency mode. Also of note is the extent to which
the fields extend above the void region for the mode associated with the upper band
edge (Fig. 5.8 (e)), a consequence of the proximity of the mode to the diffracting region.
Above, a full description of the eigenmodes in the region of the band gap is presented,
it remains to be established though as to why experimentally these features are not
fully resolved. Further information can be obtained about the experimentally measured
dispersion by examining the magnitude and phase of the signal propagating across the
sample. The black and red curves in Figure 5.9 (a) show the magnitude and group
delay respectively of the signal detected at the second microwave horn when radiation
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Figure 5.9: (a) Magnitude (black line) and group delay (red line) of the signal
(plotted in arbitrary units) detected at the second microwave horn when radiation
is incident on the sample in the plane containing the long axis, λa (φ = 90
◦). (b)
Magnitude (black line), group delay (red line) and phase (green line) detected at
the second microwave horn when radiation is incident on the sample in the plane
containing the long axis, λa (φ = 90
◦) for the N = 0 surface mode, plotted in
arbitrary units.
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is incident on the sample in the plane containing the long axis (λa). It is clear that
rather than a single peak, as observed in the magnitude of the signal associated with
the fundamental resonance of the system when φ = 0◦, in this orientation, a double
peak (with peaks centred at approximately 14 GHz and 18 GHz) is observed, caused by
a loss of signal around the frequency of the onset of diffraction.
The loss in signal can be attributed to the presence of the band gap at the Brillouin
zone boundary (kx =
pi
λa
), however, whilst there is a reduction in signal around 16.0GHz,
it does not fall to zero as expected and the phase information (green curve, Fig. 5.9 (b))
is still ‘clean’ within the forbidden band. Furthermore the gradient of the group delay
curve is constant, no peak is observed as expected for a mode approaching the Brillouin
zone boundary as described in Section 5.5.1. However, since the width of the mode and
the band gap are comparable in magnitude, it is possible that the expected discontinuity
in the data would not be observed. Also, if the gradient of the dispersion is changing
rapidly, and the step size in frequency (sampling rate) is not sufficiently small, this
may also cause the dispersion not to be well characterised in this region. Additionally,
as discussed in Section 5.5.1, it is difficult to characterise the flat banded part of the
dispersion curves, where the group velocity tends to zero. The strength of the signal
does recover at frequencies above the band gap resulting in a secondary peak (which is
still associated with the fundamental resonance) however the magnitude of the signal is
reduced with respect to the primary peak. This reduction can be attributed to there
being another loss channel available for the mode to decay into; since the peak occurs
at frequencies above the onset of diffraction, power can be transfered into a diffracted
order, and the signal associated with this mode would not be measured by the detecting
microwave horn placed directly in line of the emitting horn. Above the fundamental
surface mode a series of peaks are observed in the magnitude of the signal (as also seen
in the response of the sample to radiation incident on the sample along the orthogonal
axis (φ = 0◦)) which are associated with the higher order longitudinal quantisations of
the fundamental localised resonance supported within each hole.
The group delay data remains relatively featureless across all frequencies associated
with the fundamental resonance, no peak is observed at the limiting frequency (dictated
by the localised waveguide mode). This behaviour is in contrast to that observed when
radiation is incident in the plane that contains the orthogonal shorter pitch, where the
frequency of the phase oscillations increase (Fig. 5.3 (b)) and a peak in the group delay
signal is observed, indicative of the mode becoming strongly bound to the surface. On
closer examination of the phase when φ = 90◦ (green curve Fig. 5.9 (b)), this behaviour
is not observed and there is no evidence of the group velocity of the mode tending
towards zero (as to be expected for a mode approaching the Brillouin zone boundary)
it approaches its limiting frequency (≈ νb = 20.0 GHz) whilst showing very limited
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dispersion.
In addition to the limitations in experimentally characterising the dispersion as de-
scribed previously, it is important to establish the fundamental differences between
the dispersion of the zeroth order surface modes supported by the structure in the two
orthogonal directions. When the plane of incidence contains the short pitch of the struc-
ture (φ = 90◦) the fundamental surface mode approaches its limiting frequency, which
is defined by the fundamental localised resonance of the hole at a Brillouin boundary,
which is significantly lower in frequency than the onset of diffraction. However, when the
plane of incidence is azimuthally rotated so as to contain the long pitch of the structure
(λa), φ = 90
◦, the mode approaches the Brillouin zone boundary well below the first
localised resonance. In this case the point at which the mode theoretically reaches zero
group velocity is now purely defined by the periodicity of the system (as opposed to in
addition the first-order localised resonance). Furthermore as it does reach its limiting
frequency defined by the fundamental resonance of the system, it does so at a frequency
before the next Brillouin zone boundary, the constraint for the mode to be flat banded
is simply not there. It is therefore not surprising that the group velocity of the mode
does not reach zero at this point.
5.5.3 Azimuthal (φ) Dependence of Fundamental Surface Mode
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Figure 5.10: Experimentally measured dispersion when the radiation is incident
on the sample at the following azimuthal angles φ = 15◦, 30◦, 45◦ and 60◦. The
blue, red and black dashed lines correspond to the frequencies of the equi-energy
contours in Fig. 5.12.
Recording the azimuthal dependence of the fundamental surface mode by rotating
the sample underneath the blade-coupling setup, allows one to generate equi-energy
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Figure 5.11: Section of uniaxial indicatrix containing the optic axis.
contours which describe the angular dependence of the dispersion of the fundamental
surface mode. Since only the fundamental mode is of interest, as its position with re-
spect to the light line is well known and no phase information has been lost by passing
through a lower order resonance, the relative phase measurement technique as described
in Section3.2.3 is not necessary. The signal propagating across the sample is compared
to that from a flat metal sheet. The experimentally measured dispersions when radia-
tion is incident on the sample at the following azimuthal angles φ = 15◦ (pink curve),
30◦(purple curve), 45◦ (green curve) and 60◦ (blue curve), where φ is defined with re-
spect to the y- axis measured in the xy-plane, are shown in Figure 5.10. The data had
been terminated at frequencies corresponding to where there is no longer ‘clean’ phase
information. The blue, red and black dashed lines at 8.5GHz, 10.5GHz and 12.5GHz re-
spectively represents the frequencies of the equi-energy contours shown in Figure. 5.12,
the details of how these plots were obtained is detailed later in this Section.
5.5.3.1 Uniaxial Crystal
A wave travelling through a medium will travel at a fraction of the speed of light, c,
dependent on the refractive index, n, of the material through which it is travelling, this
relationship, νp = c/n, defines the phase velocity of a wave (νp). In an anisotropic
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Figure 5.12: Equi-frequency contours which describe the azimuthal dependence
of the dispersion of the fundamental surface. The experimental data for 8.5 GHz
(blue circles), 10.5GHz (red circles) and 12.5GHz (black circles) and corresponding
fits (lines) are shown.
medium, a wave will propagate at a different velocity dependent on the propagation
direction i.e. the refractive index that it experiences. For a wave propagation in a given
direction through a medium, an ellipsoidal surface called the indicatrix can be used to
determine the allowed polarisation directions and corresponding refractive indicies [85].
This is a familiar concept in anisotropic optical media, which are generally crystalline,
where the optical properties are closely related to the symmetry of the crystal. In this
chapter this concept is extended such that it is possible to characterise the azimuthal
dependence of the fundamental surface mode supported by the rectangular hole array,
by generating equi-energy contours that describe the surface wave dispersion.
First consider the equation for a general index ellipsoid or indicatrix
x2
n2x
+
y2
n2y
+
z2
n2z
= 1, (5.5.1)
where nx, ny and nz are the principal refractive indicies of a crystal. At a given fre-
quency, it is equivalent to, apart from a scale factor, the surface mapped out by the
electric displacement vectors D corresponding to a constant energy density. If nx = ny,
the indicatrix becomes an ellipsoid of revolution, representing a uniaxial crystal. The
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equation of the uniaxial indicatrix is
x2 + y2
n2o
+
z2
n2e
= 1, (5.5.2)
where no and ne are the refractive indicies experienced by a wave polarised perpen-
dicular and parallel to the optic axis respectively. The refractive index n(θ) of a wave
propagating at an angle θ with respect to the axis can be calculated with reference
to Figure 5.11. For a given wave, the value of n(θ) is given by the length 0X. The
co-ordinates of the point on the ellipse relative to the origin are
x = −n(θ)cosθ (5.5.3)
z = n(θ)sinθ (5.5.4)
z = 0. (5.5.5)
This point lies on indicatrix therefore
1
n(θ)
=
cos2θ
n2o
+
sin2θ
n2e
. (5.5.6)
.
Using the following relationship for the phase velocity (νp) of a wave at a given
frequency which relates in-plane momentum (kx) to the index of fraction (n),
νp =
ω
kx
=
c
n
, (5.5.7)
the azimuthal dependent data can be manipulated to obtain the equi-energy contours,
here no and ne are the refractive indicies experienced by a wave propagating along the
y- and x− axes respectively and φ is the azimuthal angle measured with respect to the
y- axis in the xy plane.
5.5.3.2 Ellipse of Limiting Frequencies
Each contour (Fig. 5.12) corresponds to a single frequency (horizontal dashed lines Fig.
5.10) where the circles represents the experimental data, and the elliptical line fits to
the data. The spacing between these equi-energies contours is dictated by the dispersion
of the mode; for instance, contours which are equally spaced are indicative of a mode
which has a dispersion characterised by a constant gradient. This behaviour is observed
at ky = 0, i.e. when the plane of incidence contains the long axis (φ = 90
◦), here the
mode closely follows the light line, showing very little dispersion (Fig. 5.7 (a)). At
kx = 0, which corresponds to when the plane of incidence contains the short pitch of
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the structure (φ = 0◦), the spacing of the contours increase with frequency (as the mode
approaches it limiting frequency at high k values) indicative of a highly dispersive mode
(Fig. 5.5). Therefore Figure 5.12 clearly demonstrates the anisotropic response of the
rectangular hole array, since at low frequencies (blue curve, 8.5 GHz), the response of
the structure is almost isotropic (contour is approximately circular), whilst at higher
frequencies (black curve, 12.5 GHz) the anisotropy of the structure becomes apparent,
with the azimuthal dependence of the mode now described by an elliptical contour.
5.6 Conclusions
Using structure to control the limiting frequencies of bound surface waves allows one to
create a tailored electromagnetic response with the desired surface symmetry. In this
chapter, the strong anisotropy arising from a rectangular hole array structure, where the
fundamental surface mode has two distinct limiting frequencies in orthogonal directions,
has been characterised. Furthermore, because we are able to separate the onset of
diffraction from the cutoff frequency of the hole (a consequence of the rectangular unit
cell), it has been possible to study the dispersion of the higher order surface modes
defined by the quantisation of the field along the length of the hole.
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Polarisation-Dependent
Excitation of Surface Waves on a
Zigzag Hole Array
6.1 Introduction
The ‘enhanced transmission’ recorded through the zigzag hole array, presented in this
chapter, is attributed to the excitation of diffractively coupled surface waves. Due to
the specific symmetry of the unit cell of the zigzag hole array, that is comprised of
paired geometrically identical, alternately orientated, rhombic-shaped holes, it is shown
this coupling condition can be achieved with both TM- and TE- polarised incident
radiation. In Chapter 4 diffractive coupling to the surface modes supported by the
structure under investigation was achieved via ‘band-folding’ effects, induced by the
introduction of a second periodicity, in the form of a perturbation perpendicular to the
plane of the sample, i.e. the ‘coupling-in’ grating. However, in this chapter it is shown
that incident radiation can directly couple to the surface modes supported by the zigzag
hole array, via scattering from its inherent in-plane periodicity, such that no additional
coupling-in mechanism is required.
Of most interest in this chapter however, is the observed polarisation-selective exci-
tation of individual surface wave modes. This behaviour is shown to be a direct con-
sequence of the reduced symmetry of the system, with the orientation of the incident
electric field with respect to the mirror plane key to determining the response of the
structure. Also of note is the absence of the expected band gap at the first Brillouin zone
boundary, attributable as well to the particular symmetry of this structure. Whilst the
main focus of this chapter is the response of the zigzag hole array to radiation incident
in the plane containing the long pitch of the structure, referred to as the ‘zigzag pitch’, a
comparison is also presented of the response of the hole array to radiation incident in the
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plane containing the orthogonal shorter pitch (i.e. the mirror plane). It is concluded
that many of the symmetry arguments used to explain the response of the structure
when the plane of incidence contains the zigzag pitch, are still valid. The experimental
results in this chapter have been verified using numerical modelling technqiues, good
agreement is demonstrated.
6.2 Background
The symmetry of a metamaterial or hole array may be reduced through the modification
of the shape and/or arrangements of the constituent subwavelength elements, allowing
access to modes and phenomena unavailable in structures with higher symmetry. The
excitation of “trapped-modes” (i.e. electromagnetic modes that are weakly coupled to
free space) on planar metamaterials based on asymmetric split rings resonators (ASRRs)
for instance, has been reported at microwave [86–89], near- IR [90], THz [91] and optical
[92] frequencies, with uncharacteristically strong and narrow (high- quality (Q) factor)
resonances, being observed. In particular, when the incident electric field is perpendic-
ular to the plane of mirror symmetry of an array of ASRRs [86], spectral selectivity,
a special feature originating from asymmetrical structuring, has been reported. Fur-
ther, the normal incidence reflection and transmission properties of circularly polarised
radiation from and through chiral ASRRs [87] was shown to be highly dependent on
the handedness and direction of incident radiation, attributable to the lack of mirror
symmetry in this structure.
Another phenomenon arising from metamaterials with a high degree of asymmetry
is metamaterial induced transparency, which has been observed using individual two-
gap ASRRs [91]; here displacement of one gap from the central vertical axis reduces
the symmetry, allowing for tuning of the amplitude and bandwidth of the transparency
window. Further, negative refractive index resulting from symmetry-breaking of cut-wire
pairs has been demonstrated at microwave frequencies [93] and polarization-independent
resonant absorption, arising from crossed trapezoid array structures [94], at optical
frequencies. Additionally, the studies of the propagation of surface waves on periodic
structures with reduced symmetries formed from arrays of slits [22, 23] and holes [95]
have shown that the reduced symmetry, which arises from the addition of a second
periodicity or substructure within the unit cell, results in Fano-like phase resonances,
not normally observed in their symmetric counterparts.
In this chapter, the microwave response of a reduced symmetry hole array, which is
formed from an array of deep, geometrically identical, rhombic-shaped elements (holes),
arranged in a zigzag pattern, is explored. Figure 6.1 shows a photograph of a section
of the sample. In 1998 Ebbesen and his co-workers [96] observation of enhanced optical
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transmission (E0T) confirmed that the transmission through an array of waveguide
below cutoff could far exceed that predicted by Bethe [97] for an isolated hole. This
transmission enhancement was later attributed to the excitation of diffractively coupled
surfaces waves (SPPs at optical frequencies) [98]. Further theoretical [99, 100] and
experimental studies [101] agreed with the SPP excitation theory. There are three
possible mechanisms through which transmission can occur in this scenario; without
the excitation of SPPs, the fields inside the metal film will exponentially decay with
very little penetration into the metal, resulting in a very small probability of tunnelling
occurring and transmission will be very low unless the film is very thin. However, if a
SPP is excited on a single interface there will be an increased probability of tunnelling
as the resonant fields at the surface will be enhanced over that of a non-resonant photon
electron interaction. Further, if SPPs are excited on both interfaces they can couple
together to give significant transmission enhancement if the system is symmetric.
At microwave frequencies although penetration of the electric field into the metal
is assumed to be negligible, enhanced transmission phenomena through hole arrays
can however still be observed, [84, 102–110]. At microwave frequencies the observed
EOT through these structures is also a result of diffractively coupled surface waves. In
this work presented in this chapter it is the surface waves that are supported on each
interface of the zigzag hole array, which couple through the structure and re-radiate
from the second surface giving the ‘enhanced transmission recorded in the experiments,
are limited in frequency by the localised resonances (waveguide modes) supported by
the holes.
It is the unique symmetry of the zigzag hole array that is responsible for the un-
usual phenomena observed in its microwave transmission response. These include the
polarisation-selective excitation of different surface wave bands and the absence of the
expected band gap in the dispersion of the surface waves, which are discussed in detail
later in this chapter. The unit cell (shaded green region Fig. 6.1) comprises paired
rhombic-shaped holes that are the mirror image of each other and it is this paired ar-
rangement that reduces the symmetry of the system, via the introduction of a second
periodicity within the unit cell. When defining initially the plane of incidence to be
the xz-plane (φ = 0◦), depicted by the dashed line Fig. 6.1, this zigzag geometry can
be characterised by a surface modulation in the plane of the incident wavevector (xz-
plane), with an orthogonal mirror plane (yz-plane) dotted line (Fig. 6.1).
The zigzag hole array, because of its particular symmetry, allows for direct coupling of
both TM- and TE-polarised radiation to the surface modes supported by the structure,
without the necessity to enhance the momentum of the incident wavevector by another
means. This is in contrast to earlier microwave surface wave experiments, in particular
the work of Hibbins et al. [2] who provided the first experimental verification of ‘designer’
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surface waves in the microwave regime, together with the work presented in Chapter
4. In these aforementioned studies, the required momentum enhancement was achieved
by introducing a ‘coupling-in grating into the system, which was placed on top of the
hole array at a periodicity twice that of the hole array beneath. Originally non-radiative
modes were then band-folded into the radiative region, via scattering from the periodicity
associated with the grating. The grating however, creates a perturbation perpendicular
to the plane of the hole array. Furthermore, as shown in Chapter 4, the size and shape
of this ‘coupling-in grating and its position relative to the hole array can greatly perturb
the dispersion of the modes supported by the hole array. It is advantageous therefore,
that scattering from the perurbation due to the ‘zigzag’ modulation in the plane of the
sample, arising from the substructure in the unit cell, is the sole mechanism required to
couple incident radiation to the supported surface modes.
It is worthy to note, that each element (hole) from which the zigzag hole array is
formed, is geometrically identical. Consequentially each hole has identical eigenmodes
i.e. support identical localised resonances (waveguide modes) and equivalent boundary
conditions are maintained on every hole. The symmetry of the system is reduced by the
particular orientation of neighbouring elements, i.e. their paired arrangement. Com-
bined with their rhombic-shaped cross-section, this leads to a polarisation-dependent
response. This is in contrast to the the work of Liu et al. [111] for instance, the unit
cells in their study comprised either two different sized holes per unit cell or unequally
spaced unit cells formed from multiple identical holes. However, in many ways the zigzag
hole array is analogous to the slit array study by Rance et al. [23], in which each slit
was geometrically identical, such that each cavity supported identical modes. It was the
alternate arrangement of neighbouring slits that reduced the symmetry of the system,
leading to the novel observed effects, not achievable in a similar system with a higher
degree of symmetry.
6.3 Experimental Sample and Setup
The experimental sample was manufactured using 3D printing and metallisation tech-
niques (see Section 3.3 for further details). Built from nine separate blocks of rhombic-
shaped guides, due to the limitations on build size of the 3D printer, the sections were
slotted together to form a structure approximately 360×360 mm in size. The assembled
parts were then metallised, whereby each interface was coated with a thin, 15 µm layer
of copper. The resulting sample can be approximated as a perfect electrical conductor
(PEC) substrate perforated with an array of close-packed rhombic-shaped holes. Each
hole (element) is geometrically identical with a uniform rhombic cross-section and of
depth h = 20 mm.
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Figure 6.1: Photograph of experimental sample. Plane of incidence when φ = 0◦
(dashed line) and coordinate system is shown. The shaded green region highlights
the unit cell and the dotted line represents a plane of mirror symmetry.
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Figure 6.2: Schematic representation of the unit cell which is formed from
paired rhombic-shaped holes of size, a = b = 7.0 mm, where α = 60◦. The long
or zigzag pitch L = 16.5 mm and orthogonal pitch S = 9.5 mm are shown. The
dotted line represents the plane of mirror symmetry.
The internal, a (= b), and external, S, dimensions of each hole are 7.0 mm and
9.5 mm respectively, with α = 60◦ (and β = 2α = 120◦). The unit cell, Figure 6.2,
contains two elements that are the mirror image of each other, the dotted line depicts
the plane of mirror symmetry. The long or zigzag pitch, L, is of length 16.5 mm and
the orthogonal shorter pitch, S, is of length 9.5 mm. At normal incidence (θ = 0◦), the
onset of diffraction from the long (zigzag) pitch (L), occurs at 18.2 GHz, just below the
cutoff frequency (f1) of a single, isolated, rhombic-shaped waveguide of infinite length.
Diffraction from the orthogonal pitch (S) occurs at 31.6 GHz for normally incident
radiation, which, since it is above the frequency of the second supported waveguide
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resonance, f2, is beyond the region of interest of this study.
A collimated plane wave of microwave radiation (8 GHz ≤ f ≤ 40 GHz) is incident
on the sample initially in the xz-plane, (φ = 0◦), i.e. the plane containing the ‘zigzag
axis’, using a horn antenna placed at the focus of a 2 m focal length spherical mirror.
The transmitted radiation is then collected by a similar spherical mirror and focused
into a detector horn. A more detailed description of this experimental technique can
be found in Section 3.2.1.2. The transmission spectra were recorded as a function of
incident angle, θ, (−65◦ ≤ θ ≤ 65◦) in incremental steps of 0.2◦ and the resulting data
discussed in the following sections of this chapter provides information on the dispersion
of the modes supported by the zigzag hole array.
6.4 Localised Resonances of a Single Element
6.4.1 Rhombic-Shaped Cross-Section Waveguide
In order to understand the response of the hole array (the array of holes) it is first nec-
essary to explore the modes supported by a single element, i.e. the localised resonances
(waveguide modes) of the holes. As discussed previously, it is the frequency of these lo-
calised resonances which provide the asymptotic limits for the surface modes supported
by the hole array (Chapter 2). The predicted field distributions in this section have
been obtained using a waveport-type model [66]. The fundamental mode of a single,
isolated, uniform rhombic-shaped waveguide, where each side is of length, a = 7.0 mm,
with α = 60.0◦, formed from PEC, filled with vacuum and infinite in extent in the z-
direction, is a transverse electric (TE) waveguide mode, supported at f1 = 18.33 GHz,
the predicted electric field profile of which is shown in Figure 6.3 (a). Here the colour
map represents the time-averaged electric field with red and blue regions representing
high and zero field enhancement respectively, and the arrows the instantaneous vector
electric fields. Further higher order waveguide modes are supported, the electric field
profiles of the next two are shown in Figure 6.3 (b) and (c). These two solutions are
degenerate and are supported at f2 = 28.71 GHz. However, to break the degeneracy
and fully resolve these two modes, a rhombic cross-section with α = 60.001◦, has been
modelled. At frequencies below f1 and f2, the evanescent fields within the hole create
the necessary conditions for a bound mode to be supported on an array of such holes
(as discussed in Chapter 2).
6.4.2 Triangular-Shaped Cross-Section Waveguide
It is possible to track the evolution of the waveguides modes of a rhombic-shaped guide
from those supported by a guide with a square cross-section, by reducing the angle
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Figure 6.3: Predicted time-averaged (colour map) and instantaneous electric
vector (arrows) field profiles of the three lowest order waveguide modes supported
by a uniform rhombic-shaped waveguide, of side length a = 7.0 mm and infinite
length, calculated over a surface parallel to the xy−plane of the waveguide at
(a) f1 = 18.33 GHz, and (b) and (c) at f2 = 28.71 GHz. Red and blue regions
corresponds to high and zero field enhancement respectively.
labelled α (Fig. 6.3 (a)), whilst maintaining each side of the guide to be of length a.
However, it is helpful to refer to the work of Overfelt et. al [112] that in fact showed for
a rhombic waveguide with a 60◦ − 120◦ cross-section, that mode (b) and (c) in Figure
6.3 can be found by applying the Riemann-Schwarz reflection principle [113] to the
eigenfunctions of an equilateral triangle. It is not possible to determine the lowest-order
mode using this technique however, and the dominant mode does not have an exact
analytic solution. The field profiles of the dominant modes supported by a guide with
an equilateral triangular cross-section of side length a = 7.0 mm and infinite in extent
are shown in Fig. 6.4. It is clear that the time-averaged electric field profiles of mode
(b) and (c) in Fig. 6.3 can be obtained by reflecting modes (a) and (b) in Fig. 6.4 about
the axis labelled S1. To fully resolve these modes and break the degeneracy, once again
an angle α = 60.001◦ has been used. Further modelling (not shown) reveals that when
the symmetry of the rhombic-shaped guide is reduced, i.e. is no longer formed from a
pair of equilateral triangles (α 6= 60◦), the second order modes of the rhombic-shaped
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Figure 6.4: Predicted time-averaged (colour map) and instantaneous vector
(arrows) electric field profiles of the two degenerate dominant modes supported
by a waveguide with an equilateral triangle cross-section, of side length a = 7.0mm
and infinite in length, calculated over a surface parallel to the xy−plane of the
waveguide, at f2 = 28.71GHz. Red regions corresponds to high field enhancement
and blue corresponds to a field magnitude of zero.
guide are no longer degenerate.
6.5 Experimental Results, φ = 0◦
The experimental transmission spectra (grey scale) when TE- and TM-polarised radia-
tion is incident in the xz-plane, i.e. plane of incidence contains the zigzag pitch (φ =
0◦) on the zigzag hole array is illustrated in Figure 6.5 (a) and (b) respectively, note
the logarithmic scale. For reference, this data plotted on a linear scale, is shown in
Figure 6.6 (a) and (b). The frequencies of the localised resonances (f1 = 18.33 GHz and
f2 = 28.71 GHz) supported by each hole (described in Section 6.4.1) are represented by
the horizontal dashed lines. It is important to note these simply provide a guide for
the frequencies to which the surface modes are limited by. The finite height and effect
of the neighboring elements, i.e. the array, are not included in the calculation of these
frequencies. These localised resonances hybridise with grazing diffracted orders and the
resulting surface modes are highly dispersive, closely following the in-plane first and
second order diffracted light lines (diagonal red and blue lines respectively), asymptoti-
cally approaching limiting frequencies dictated by f1 and f2, when they become strongly
localised to the surface.
The key result however, is the striking polarisation-dependent response of the struc-
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Figure 6.5: Experimental transmission data (grey scale) plotted on a log scale
for (a) TE- and (b) TM-polarised radiation incident on the zigzag hole array in
the xz-plane. Light and dark regions correspond to high and low transmissivity
respectively. The horizontal dashed lines represent the frequencies of the first f1
and second f2 order localised resonances for an infinite length guide. The red and
blue diagonal lines represent the first and second order in-plane diffracted light
lines respectively, and the solid black line the first order parabolic out-of-plane
diffracted light line. The vertical dotted lines define the first Brillouin zone. The
squares and crosses correspond to the eigenmodes of the symmetric and anti-
symmetric fields solutions of the supported surface modes, respectively.
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Figure 6.6: Experimental transmission data (grey scale) plotted on a linear
scale for (a) TE- and (b) TM-polarised incident radiation in a xz-plane. Light
and dark regions correspond to high and low transmissivity respectively. The
horizontal dashed lines represent the frequencies of the first f1 and second f2
order localised resonances for an infinite length guide. The red and blue diagonal
lines represent the first and second order in-plane diffracted light lines respectively,
and the white solid line the first order parabolic out-of-plane diffracted light line.
The vertical dotted lines define the first Brillouin zone.
ture. When TE-polarised radiation is incident on the sample (Fig. 6.5 (a)), a surface
mode is observed, following the first order in-plane diffracted light lines, which is lim-
ited in frequency by the first-order localised resonance, before continuing to follow the
same set of diffracted light lines, before being limited in frequency by the second order
localised waveguide resonance. However, there is an obvious lack of coupling to this
mode when TM-polarised radiation is incident on the sample, rather a mode is observed
following the second order in-plane diffracted light lines in the TM response (Fig. 6.5
(b). (Note the absence of coupling to this mode in the TE-polarised response.) This
intriguing polarisation-selective behaviour of coupling to different order surface wave
bands will be discussed in detail in Section 6.5.3.
6.5.1 Variation in Hole Depth (h)
The observed ‘enhanced transmission’ in this study can be attributed to the excitation
of diffractively coupled surface waves, as discussed in Section 6.2. The zigzag hole array
can be considered analogous to a thin metal film (i.e. one that is thinner than a few
skin depths) which is symmetrically surrounded by dielectric [114], or a thin metal film
corrugated on both sides [115]. Both systems have multiple interfaces, and can support a
surface mode at each interface. These modes are degenerate and couple together forming
two resonances with different field profiles and energies and are often referred to as the
symmetric and anti-symmetric modes, depending on their field and charge distribution.
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For the zigzag hole array, coupling incident radiation to these modes strongly enhances
the electric fields at the front interface, which exponentially decay along the length of the
hole before strengthening again close to the bottom interface of the structure, leading
to the ‘enhanced transmission’ observed in this study.
Modelling of the eigenmodes of the system reveals that close to the predicted limiting
frequencies f1 and f2, the surface mode splits into a symmetric and anti-symmetric
field solution, which approach two different limiting frequencies [59]. The predicted
dispersions of which are represented by the squares and crosses respectively, in Figure
6.5 (a) and (b). The predicted instantaneous electric field distribution (arrows) of the
coupled surface wave pair, supported below f1 at kx = 0 in the TE-polarised response,
plotted in the xz-plane, are shown in Figure 6.7. The fundamental mode (N = 0),
the dispersion of which is represented by the red squares (at frequencies lower than
f1) in Fig. 6.5 (a), has a symmetric field solution. That is, as can be seen in Fig.
6.7 (a), the electric field does not switch direction along the length of the hole. For a
guide of infinite length this mode would be asymptotic to the effective surface plasma
frequency at higher values of kx, defined by the cut-off of the hole. For a system with
finite length holes, this lowest order resonance is modified upwards in frequency due to
the additional momentum contribution from the longitudinally quantised field along the
length of the guide. As can be seen in Figure 6.7 (b), the higher order anti-symmetric
mode (N= 1), the dispersion of which is represented by the crosses (at frequencies lower
than f1) in Figure 6.5 (a), has longitudinally quantised electric fields, the E-field does
switch direction along the length of the hole. Note, that a similar coupled surface wave
pair are also predicted at frequencies below f2 (Fig. 6.5 (a)) with the squares and
crosses once again depicting the predicted eigenmodes associated with the symmetric
and anti-symmetric field solutions, respectively.
However, whilst two eigenmodes are predicted (which are very close in frequency), the
coupled surface wave pair are not experimentally resolved in the transmission spectra.
The length of the holes were selected such that only a single transmission peak is observed
(which is in good agreement with numerical predictions), that is, the two solutions, i.e.
the limiting frequencies of the coupled surface wave pair, converge on a single frequency.
(Note this frequency is below the cutoff frequency (f1) of an infinitely length hole due to
band gaps in the modes dispersion). Plotting the instantaneous vector electric field at
different values of phase, at the predicted transmission peak (not shown), reveals that
the supported mode has a mixed character of both the symmetric and anti-symmetric
field solutions. Further modelling of the transmissivity response shows that, as to be
expected, the separation in frequency of these two solutions is highly dependent on
the hole depth. Figure 6.8 shows the frequency of the predicted transmission peaks
associated with the symmetric (crosses) and anti-symmetric (squares) solutions of the
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Figure 6.7: Predicted instantaneous vector electric field profiles plotted in the
xz-plane associated with the (a) symmetric and (b) anti-symmetric field solution
of the surface mode supported at kx = 0, below f1, in the TE-polarised response.
Red regions and blue arrows correspond to a high field enhancement to a field
magnitude of zero respectively.
fundamental surface mode supported below f1, for different hole depths, h, when TE-
polarised radiation is normally incident (θ = 0◦) on the sample in the plane containing
the zigzag axis. It can be seen that as discussed previously, for a hole of depth h = 20
mm, a single transmission peak is predicted (as the two solutions overlie), but when the
depth of the hole is reduced, the anti-symmetric (squares) and symmetric (crosses) field
solution are resolved.
In addition to the coupled surface wave pair, a family of higher order modes associ-
ated with higher order quantisations of the field along the length of the holes, similar to
those in Chapter 5, are also observed. These are evident in the TM-polarised response
of the structure, particularly when the data is plotted on a linear scale (Fig. 6.6) where
a band of high transmission is clear (white regions) in between f1 and f2. Interestingly
this behaviour is not observed in the TE-polarised response (Fig. 6.6 (a)), extremely
low transmission is observed at all frequencies below f2. Further discussion and an
explanation for this will be provided in Section 6.6.
6.5.2 Band Structure
In Section 6.5.3, the origin of the polarisation-selective excitation of different surface
wave bands is presented. First in this section, a simplistic approach is adopted to
explain the polarisation-independent band structure of the zigzag hole array, the analysis
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Figure 6.8: Predicted transmission peaks associated with the symmetric
(crosses) and anti-symmetric (squares) solutions of the fundamental surface mode
supported below f1 (dashed line) for different hole depths, h when TE-polarised
radiation is normally incident on the sample.
of which, can be effectively reduced to just two components of the profile of the hole
array; a very large amplitude short pitch component of period L/2, i.e. the closely
spaced array of deep holes, convolved with a much weaker, longer pitch component
of period L, associated with the different orientation of neighbouring holes. It is the
substructure of the array of holes (pitch L/2) which creates the necessary boundary
conditions at the metal surface for bound surface waves to be supported and provides
the biggest perturbation to the band structure. It is then the modulation in the plane
of the incident wavevector, arising from the paired arrangement of the rhombic-shaped
holes, associated with the zigzag geometry (pitch L), which provides a mechanism for
the incident radiation to diffractively couple to the surface modes supported by the hole
array.
A similar discussion of the band structure of systems with a dual periodicity can
be found in Refs. [21–23]. In the work in this chapter, the ratio of the long to short
pitch component is 2:1, correspondingly the wavevector associated with the long pitch
component of the zigzag hole array, kg, is half that associated with the short pitch
component, 2kg, where kg = (2pi/L). This is not a requirement of this analysis, examples
of systems where the ratio of the two periodicities are 3:1 for instance, can be found
in Refs[21, 22]. It is important to note though that this analysis does not provide
information about the polarisation of the incident field required to couple radiation to
the supported surface modes. Further, only the dispersion of the lower band-edge of the
fundamental surface mode in the limit of weak coupling is considered in this analysis
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and the presence of any structure-induced band gaps that may occur is ignored.
A schematic representation of the resulting band structure for a dual-pitch system,
such as the zigzag hole array, can be seen in Figure 6.9 (a). The long pitch component
of the profile of the hole array is too weak to cause any significant perturbation of the
surface wave bands, it will however, as can be seen in Fig. 6.9 (a), introduce important
band folding effects. That is, the originally non-radiative modes associated with the
short pitch component (L/2), which have been scattered from ±2kg (curved solid black
lines Fig. 6.9 (a)) have now become radiative by diffraction associated with the long
pitch component L, i.e. scattering by integer multiples of ±kg. As can be seen in Figure
6.9 (a), this mode, the dispersion of which is represented by the dashed line, now lies
within the radiative region (white regions).
It is only the modes which lie within the radiative region which can be directly
coupled to by incident radiation and are observed in the transmissivity response of
the zigzag hole array. Extending the aforementioned analysis to include higher order
localised resonances (waveguide modes), the resulting band structure for the zigzag
hole array can be obtained (Fig. 6.9 (b)). Note for clarity, only the dispersion of the
lower band edge of the surface mode has been shown. In Figure 6.9 (b) each square
corresponds to an eigenmode of the zigzag hole array, associated with the symmetric
solution of the surface mode which is limited in frequency by the localised resonances
f1 and f2 (horizontal dashed lines). The red and blue solid lines correspond to the first
and second order in-plane diffracted light lines respectively, and the solid black lines the
light lines which bound the radiative region (white region). The vertical dashed lines
define the first Brillouin zone. Note that here, the different colours of the squares are
not significant, only once the polarisation of the incidence field is considered, as in the
following section, is it possible to distinguish between these modes.
6.5.3 Allowed Charge Distribution
The orientation of the incident electric vector, with respect to the mirror plane is key
to understanding the polarisation-dependent response of the zigzag hole array. First
consider when the electric vector lies perpendicular to the plane containing the incident
wavevector (TE-polarised radiation) i.e. the electric field of the incident radiation lies in
the plane of mirror symmetry. The schematic representation of the instantaneous electric
field (solid arrows), in the low frequency limit is shown in Figure 6.10 (a). Note the
local component of the electric vector contained in the plane of incidence (open arrows)
switches direction at each mirror plane, a consequence of the alternate orientation of each
hole. At low frequencies, the periodicity of the in-plane E-field component corresponds to
a surface mode of wavelength λ1, mode (1), which is equal to the pitch of the structure, L.
This surface wave therefore originates from in-plane scattering via kx = ±kg. Its inherent
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Figure 6.9: (a) Schematic representation of the band structure associated with
a dual-pitch system. The curved solid and dashed black lines represent the modes
diffracted from the short and long pitch respectively. The red and blue lines
represent the first and second order in-plane diffracted light lines respectively.
The solid black lines bound the radiative region (white region). (b) Predicted
band structure for the zigzag hole array. Each square represents an eigenmode
associated with the lowest band edge of the symmetric solution of surface modes
limited in frequency by f1 and f2 (horizontal dashed lines). The red and blue lines
represent the first and second order in-plane diffracted light lines. The vertical
dotted lines define the first Brillouin zone.
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Figure 6.10: Schematic representation of the instantaneous electric field (solid
arrows) for the surface mode supported at low frequencies for (a) TE- and (b)
TM- polarised radiation incident in a plane containing the zigzag axis. Plane of
incidence (dashed line) and mirror plane (dotted line) is shown. Open arrows
represent the local component of the electric vector contained in the plane of
incidence.
periodicity associated with L dictates it cannot be excited via scattering from kx = 0.
Therefore mode (1) is seen to follow the ±(1,0) in-plane diffracted light lines (Figure 6.5
(a)), is limited in frequency by the first supported waveguide mode (localised resonance)
f1, then continues to follow the same set of diffracted light lines before asymptotically
approaching the frequency of the second localised resonance f2.
However, when the electric field of the incident radiation is contained in the plane
of incidence (TM-polarised radiation) i.e. the E-field of the incident radiation lies per-
pendicular to the plane of mirror symmetry, the orientation of the E-field with respect
to the mirror plane, forbids the excitation of mode (1), this is evident from the lack
of TM-polarised excitation of a mode associated with ±kg scattering in Figure 6.5 (b).
However, a surface wave, scattered from kx = ±2kg is observed. The schematic repre-
sentation of the instantaneous electric field (solid arrows) associated with this mode, in
the low frequency limit is shown in Figure 6.10 (b). Again consider the component of
the electric vector contained in the plane of incidence (open arrows). For an excitation
field with this polarisation, at low frequencies, the in-plane E-field component cannot
switch direction in alternate holes. There still is a structure induced periodicity though
in the local component of the electric vector contained in the plane of incidence (open
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arrows), with a periodicity half that of the long pitch L. Hence we observe a mode
originating from in-plane scattering via kx = 2kg in the TM-polarised response (Fig. 6.5
(b)).
Due to the mirror symmetry of the structure, no polarisation conversion may occur
for radiation incident in the plane containing the zigzag grating vector (xz−plane),
hence the modes remain excited either via only TM- or TE-polarised radiation for all
angles of illumination. Further, when considering the eigenmodes of the system (the
polarisation-independent response) strictly the first Brillouin zone must be bounded
by kx = ±kg/2. However, when the polarisation of the field required to excite the
surface modes associated with the different diffracted orders is considered, the system
is behaving as though the first Brillouin zone is effectively bounded by kx = ±kg, i.e. is
twice that associated with the pitch of the structure L. It is therefore possible to make
the general statement that TE-polarised radiation may only couple to surface modes
scattered from in-plane odd diffracted orders, whilst TM-polarised radiation may only
couple to surface modes scattered from in-plane even diffracted orders.
6.5.4 Band Gaps
As discussed in Section 2.2.3.1, at a Brillouin zone boundary, it is possible for a band
gap to open up in the propagation of surface waves on corrugated surfaces, depending on
the symmetry of the grating and the components present in grating profile [24, 25, 115].
Thus far in this chapter, the existence of structure-included band-splitting i.e. band
gaps in the propagation of the surface waves supported by the zigzag hole arrray, has
not been discussed. This issue is addressed by examining the dispersion curve in the
region of the two lowest energy crossing points, firstly at normal incidence (kx = 0)
and secondly at the first Brillouin zone boundary (kx = ±1/2 kg). For reference, these
two crossing points are highlighted by the green and pink shaded circles respectively, in
Figure 6.9 (a).
First consider, the lowest energy crossing point within the radiative region (green
circle Fig. 6.9 (a)), where a surface mode scattered from −kg and +kg meet at kx = 0.
(Note this crossing point is equivalent to the crossing point highlighted by the blue
circle Fig. 6.9 (a)). The wavelength of the surface mode at a crossing point, is equal to
half that corresponding to the total wavevector associated with the scattering process.
Therefore, the wavelength of the surface mode at kx = 0, is equal to the pitch of the
hole array L, as it has arisen from a 2kg scattering process. Since there are two different
energy standing wave solutions with a wavelength equal to the pitch of the hole array
L, a band gap is opened up. The predicted dispersion of the two different energy bands
associated with the two different standing wave solutions is shown in Figure 6.11 (a),
(a section of the TE-polarised experimental transmissivity response of the sample (grey
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scale) i.e. the data shown in Fig. 6.5 (a), is shown for reference.) Note that the
different energy solutions are a result of a corrugation in the plane of the hole array,
hence the time-averaged electric fields ((colour map) Fig. 6.11 (b)) associated with these
modes have been examined in the plane of the top interface of the structure; the low
energy band, the symmetric and anti-symmetric solutions of which are represented by
the squares and black crosses respectively (Fig. 6.11 (a)), have high electric fields (red
regions) centred on the metal regions in between the holes (top Fig. 6.11 (b)), whilst the
high energy band (the symmetric and anti-symmetric solutions of which are represented
by the triangles and white crosses respectively (Fig. 6.11 (a)) can be found by displacing
the nodes of the aforementioned solution by a quarter of the pitch, such that regions of
high electric field are centred over the holes (bottom Fig 6.11 (b)).
Now consider the next highest energy crossing point within the radiative region.
This occurs at kx = 1/2 kg (pink circle Fig. 6.9), where the 2kg and −kg diffracted
light lines cross. As it turns out, due to the symmetry of the zigzag hole array, modes
following the 2kg and −kg diffracted light lines cannot be simultaneously excited by a
field with the same polarisation, therefore two modes never meet at this crossing point.
Furthermore, a band gap is forbidden here from symmetry arguments. The standing
wave resulting from the coupling of two surface mode bands via scattering from -kg and
2kg, has a wavelength equal to 2/3L. Owing to the symmetry of the zigzag geometry,
the two possible standing wave solutions in the plane of the surface with this periodicity
have the same energies. The two field solutions are therefore degenerate, and no band
gap is observed.
6.6 Experimental Results II, φ = 90◦
So far in this chapter, the main focus has been on discussing the response of the zigzag
hole array to radiation incident on the sample in the plane containing the zigzag axis
(long pitch). It has been shown that the orientation of the incident E-field with respect
to the mirror plane is the key to understanding the observed polarisation-selective ex-
citation of different surface wave bands. In this section, the response of the zigzag hole
array to radiation incident on the sample in the plane containing the shorter orthogonal
pitch (yz-plane, dashed line Fig. 6.12) is explored and a comparison with the results
discussed in Section 6.5 presented. In this new orientation, defined as φ = 90◦, the plane
of incidence and mirror plane are now collinear. Due to the particular symmetry of the
zigzag structure, many of the symmetry arguments used to explain its response when
the plane of incidence contains the zigzag axis are still in fact valid when the plane of
incidence has undergone an azimuthal (φ) rotation of 90◦.
The experimental transmission spectra (grey scale) for when TM- and TE-polarised
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Figure 6.11: (a) Predicted eigenmodes associated with the band gap centred
around kx = 0, below the first order localised resonance, f1 (horizontal dashed
line). The red squares and black crosses represent the predicted dispersion of the
symmetric and anti-symmetric field solutions respectively of the mode associated
with the lower band edge. The triangles and white crosses represent the disper-
sion of the symmetric and anti-symmetric solutions of the mode associated with
the upper band edge. For reference the TE-polarised experimental transmission
response (grey scale) when φ = 0◦ is shown. (b) Time-averaged (colour map)
electric-field distribution of the symmetric solution associated with (top) lower
band edge (bottom) upper band edge of the band gap at kx = 0, plotted in the
xy-plane on the top surface of the structure. Red and blue regions correspond to
a high field enhancement and field magnitude of zero respectively.
radiation is incident on the sample in the yz-plane is illustrated in Figure 6.13 (a) and
(b) respectively, note the logarithmic scale. For reference, the equivalent dispersion di-
agrams plotted on a linear scale are shown in Figure 6.14 (a) and (b). Light and dark
regions correspond to high and low transmission respectively. The data was collected as
described in Section 3.2.1.2. Note first, the first order parabolic out-of-plane diffracted
light line, labelled (1,0) (solid white line) at small values of ky, occurs at approximately
the same frequency as the lowest order localised resonance f1 (lowest frequency hori-
zontal dashed line); recall when φ = 0◦, it lay above f2. As evidenced by the bright
band following the (1,0) diffracted light line in the TM-polarised response (Fig. 6.13
(a) and Fig. 6.14 (a)), it is clear that scattering from the the zigzag (long) pitch, still
strongly influences the band structure of the zizag hole array. A more detailed discus-
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Figure 6.12: Photograph of experimental sample, plane of incidence when
φ = 90◦ (dashed line) and co-ordinate system is shown.
sion of the nature of this aforementioned mode is provided later. Also of note is the
absence of a similar band in the TE-polarised transmission response (Fig. 6.13 (b) and
Fig. 6.14 (b)), thus indicating once again the zigzag hole array is displaying a strong
polarisation-selective response.
From symmetry arguments, a mode excited at normal incidence (θ = 0◦) by a lin-
early polarised field, will be excited by a field with the opposite polarisation, when the
plane of incidence undergoes an azimuthal (φ) rotation of 90◦, with respect to the plane
of the structure upon which the mode is supported. The red circles and black triangles
in Figure 6.14 (c) show the TM- and TE-polarised response of the structure to nor-
mally incident radiation (θ = 0◦) in the plane containing the short (φ = 90◦) and long
(φ = 0◦) axis respectively. As expected, they show good agreement. The solid black line
represents the predicted transmission response when TE-polarised radiation is normally
incident on the structure in the plane containing the long pitch, good agreement is shown
with the experimental data. A peak in transmission is observed centred around approx-
imately 16 GHz (and a second at approximately 29.5 GHz, above f2). On examining
the dispersion of the mode associated with the lowest frequency aforementioned peak,
in the TM-polarised response (Fig. 6.13 (a) and Fig. 6.14 (a)), it can be seen that with
increasing wavevector (ky) this mode (bright band) follows the parabolic out-of-plane
diffracted light line, and is limited in frequency by the first localised resonance supported
by the holes f1 (lowest frequency horizontal dashed line) at approximately 18 GHz. Two
eigenmodes are predicted associated with this mode, corresponding to the symmetric
and anti-symmetric field solution of the coupled surface wave pair, diffractively coupled
by the out-of-plane pitch (i.e zigzag pitch), the dispersions of which are represented by
the squares and crosses respectively in Figure 6.13 (a).
The periodicity of the mode associated with this coupled surface wave pair, on the
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Figure 6.13: Experimental transmission data (grey scale) plotted on a log
scale for (a) TM- and (b) TE-polarised radiation incident in the yz-plane. Light
and dark regions correspond to high and low transmissivity respectively. The
horizontal dashed lines represent the frequencies of the first (f1) and second (f2)
order localised resonances of the rhombic shaped holes. The white and red lines
represent the first order out-of-plane and in-plane diffracted light lines respectively
and the green lines the (±1,±1) diffracted light lines.
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Figure 6.14: Experimental transmission data (grey scale) plotted on a linear
scale for (a) TM- and (b) TE-polarised radiation incident on the sample in the
yz-plane. Light and dark regions correspond to high and low transmissivity re-
spectively. The horizontal dashed lines represent the frequencies of the first (f1)
and second (f2) order localised resonances supported by the holes. The white and
red lines represent the first order out-of-plane and in-plane diffracted light lines
respectively and the yellow lines the (±1,±1) diffracted light lines. (c) Experi-
mental transmissivity response at θ = 0◦ when TM-(red circles) and TE-(black
triangles) polarised radiation is incident on the sample at φ = 90◦ and φ = 0◦,
respectively. Solid black line represents the predicted TE-polarised response at
θ = 0◦ and φ = 0◦. (d) Experimental transmissivity response at θ = 0◦ when
TM-(red circles) and TE-(black triangles) polarised radiation is incident on the
sample at φ = 0◦ and φ = 90◦, respectively. Solid red line represents the predicted
TM-polarised response at θ = 0◦ and φ = 0◦.
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Figure 6.15: Instantaneous vector electric field profiles (arrows) plotted in the
xy− plane on the top interface of the structure, associated with the (a) TM- and
(b) TE- excited mode supported at normal incidence, when the plane of incidence
(dashed line) contains the short pitch. Red and blue arrows correspond to a high
field enhancement and field magnitude of zero respectively.
surface of the structure is equal to the zigzag pitch; the resonant fields, illustrated by
the vector electric fields (arrows), plotted at a phase corresponding to maximum field
enhancement, in the xy-plane on the top interface of the structure, are shown in Figure
6.15 (a). Here the dashed lines represents the plane of incidence (as well as the plane
of mirror symmetry) and the orientation of the incident electric (E)-field is shown. It is
clear that in order to couple incident light to this mode, the electric field of the incident
radiation is required to be contained in the plane of mirror symmetry. Hence, this mode
can only be excited with TM-polarised radiation when the plane of incidence contains
the short pitch (φ = 90◦) and with TE-polarised radiation when the plane of incidence
contains the long pitch (φ = 0◦). Therefore, it is possible to conclude that this coupled
surface wave pair are equivalent at normal incidence, to the coupled surface wave pair
observed in the TE-polarised response below f1 (squares and crosses Fig. 6.5 (a)), when
the plane of incidence contains the long axis (φ = 0◦). Indeed, the resonant fields shown
in Fig. 6.15 (a) are, as expected, the same as those in the top figure of Fig. 6.11 (b),
which show the resonant field associated with the TE-excited lower band edge of the
surface mode supported at normal incidence. In each case high fields (red regions) are
centred over the metal regions of the structure.
Now, consider the transmissivity response of the zigzag hole array when it is illumi-
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Figure 6.16: Predicted time-averaged electric field profiles (colour map) plotted
at frequencies corresponding to the three lowest frequency transmission peaks
((a) - (c)) in the response of the structure to TM-polarised radiation normally
incident in the yz− plane. Red and blue regions correspond to a high and a field
magnitude of zero, respectively.
nated with TE-polarised radiation when φ = 90◦, note in this orientation the incident
E-field is perpendicular to the plane of mirror symmetry. Figure 6.13 (b) and Fig-
ure 6.14 (b) show the transmission spectra (grey scale) plotted on a logarithmic and
linear scale respectively. Once again, a mode (bright band) is observed which, with
increasing wavevector, disperses upwards in frequency above f2, bound by the parabolic
out-of-plane light line (0,1) and interacts with the mode following the (±1, 0) first order
in-plane diffracted light lines. The eigenmodes associated with this band are represented
by the squares and crosses in Figure (Fig. 6.13 (b)). Once again these correspond to the
symmetric (squares) and anti-symmetric (crosses) field solutions of a coupled surface
wave pair. On examining the resonant fields (vector electric fields) associated with this
coupled surface wave pair on the top interface of the structure (Fig. 6.15 (b)), it is of
note that the high fields (red regions) are now centred over the holes or voids and this
mode can only be excited with an incident E-field that is perpendicular to the plane of
mirror symmetry. (Note these fields closely resemble though associated with the upper
band edge of the predicted band gap at kx = 0 (bottom Fig. 6.11 (b)) Therefore, a TE-
polarised field is required to excite this mode when the plane of incidence contains the
short pitch (φ = 90◦) and a TM-polarised field when the plane of incidence contains the
long pitch (φ = 0◦). As can be seen in Figure 6.14 the predicted transmission response
(solid red line) of the structure at normal incidence when φ = 0◦ agrees well with the
experimental data (red circles), and as expected from symmetry arguments agrees well
with the experimental data taken at normal incidence, when TE-polarised radiation is
incident in the plane containing the short axis (black triangles).
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Before concluding remarks about this chapter are presented, one final issue needs
to be addressed; it is observed that when the electric field of the incident radiation is
perpendicular to the mirror plane (i.e.φ = 90◦, TE), a band of high transmission is
recorded between f1 and f2, however, when the electric field is contained in the mirror
plane, low transmission is recorded in this frequency window. In Figure 6.14 (d), which
shows the transmissivity response of the structure to normally incident radiation in the
plane perpendicular to the mirror plane (i.e.φ = 90◦, TM), a series of oscillations are
observed between f1 and f2 (vertical dashed lines), which, in the angle dependent data
(Fig. 6.5 (b) and 6.6 (b), and Fig. 6.13 (b) and 6.14 (b)), manifest themselves as a
bright broad band. Each peak belongs to a family of waveguide modes associated with
the first order localised resonance, f1. With increasing frequency, the mode associated
with each peak has an additional longitudinal quantisation of the field along the length
of the hole (h) as can be seen in Figure 6.16 (a)-(c), where the predicted time-averaged
electric fields of the first three modes, plotted in the xz−plane, associated with the
transmission peaks at 18.75 GHz, 20.6 GHz and 23.7 GHz respectively, are shown. Red
and blue regions correspond to high and low transmissivity respectively.
It is of note that in contrast this behaviour is not observed in the transmissivity
response of the sample at normal incidence when the plane of incidence is contained in
the mirror plane, Figure 6.14 (c); in addition to the transmission peak at approximately
16 GHz, there is simply low transmission until a second peak is observed around 29.5
GHz above f2, hence the observation of a dark band in this frequency window in the
angle dependent data (Fig. 6.5 (a) and 6.6 (a), and Fig. 6.13 (a) and 6.14 (a)). This
suggests that an E-field which is contained in the mirror plane cannot excite the localised
resonance f1, whilst it is possible for an E-field that lies perpendicular to the plane of
mirror symmetry.
6.7 Conclusions
In conclusion, in this chapter the intriguing behaviour of bound surface waves propa-
gating on a reduced symmetry hole array with zigzag geometry has been investigated.
Characterised by a modulation in the plane of the incident wavevector (when the plane
of incidence contains the long pitch of the structure) and an orthogonal mirror plane, the
zigzag hole array is formed from unit cells comprised of a pair of identical, alternately
orientated, rhombic-shaped metal holes. The correct boundary conditions to support
the surface modes are provided by the exponentially decaying fields at frequencies below
the localised waveguide resonances within each hole. However, it is shown that their
paired arrangement, which creates the symmetry specific to the zigzag geometry, enables
the direct coupling of incident radiation to the supported surface modes. Further, the
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unusual effect observed in its microwave transmission response, such as polarisation-
selectivity of different orders and the absence of the expected band gap at the first
Brillouin zone boundary, can be attributed to its unique symmetry. A comparison of
the results obtained when the plane of incidence contains the shorter orthogonal pitch is
also presented, and it is concluded that the orientation of the incident electric field with
respect to the mirror plane is key to understanding the polarisation-dependent response
of the zigzag hole array.
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Sievenpiper Structure with
Rectangular Geometry
7.1 Introduction
In this chapter, the dispersion of the modes supported by an ultra-thin, high-impedance
surface in the form of a Sievenpiper ‘mushroom’ structure with rectangular geometry
is investigated and a comparison with the modes supported by a simpler patch array
structure is presented. The anisotropy arising from the rectangular geometry is charac-
terised. It will be shown that the behaviour of the mushroom-type structure is rather
complex, particularly in comparison to a hole array with the equivalent geometry (Chap-
ter 5). The focus therefore of this study is to fully understand the origin of the modes
supported by a reduced symmetry Sievenpiper structure, a complete discussion of which
is not presented in the literature.
Blade-coupling techniques and phase-resolved measurements are employed to mea-
sure directly the dispersion of both the bound transverse-magnetic (TM) and transverse-
electric (TE) surface modes supported by the structure in the non-radiative region,
whilst a free-space measurement technique is used to map the dispersion of the modes
within the radiative region. Good agreement with numerical predictions is shown.
7.2 Background
Adding texture to a metal surface can greatly alter the electromagnetic boundary condi-
tions on that surface. When the period of the structure is much less than the wavelength
of the probing radiation, the structure can be assigned a surface impedance (ZS), defined
as the ratio of the tangential electric field to the tangential magnetic field at the surface.
The propagation of surface waves supported on such structures can be manipulated by
selecting the desired surface impedance via the surface texture.
One of the simplest ways to achieve a textured electromagnetic surface is to add a
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periodic subwavelength corrugation of closely spaced, deep, vertical resonant slots to a
metal slab [7–12]. A high-impedance boundary condition (i.e. small tangential mag-
netic field when the electric field is large) can be achieved for electric fields polarised
perpendicular to the grooves upon reaching the quarter-wavelength (λ/4) resonant con-
dition. For wavelengths four times longer than the depth of the slots, the effective
surface impedance is positive and imaginary, i.e. inductive, which is the requirement for
a transverse electric (TM) surface wave to be supported. Similarly, as discussed exten-
sively within Chapters 2 of this thesis, a near-perfectly conducting substrate perforated
with an array of deep, subwavelength holes can greatly alter the surface wave properties
from that of a planar untextured near-perfectly conducting substrate, with the limiting
frequency of the fundamental TM ‘spoof’ surface wave supported by such a structure
being dictated by the cutoff of the holes [3]. However there are intrinsic limitations on
the aforementioned textured geometries; the corrugation depth is required to be of the
order λ/4 if a surface wave is to be supported by the array of resonant slots, whilst for
the array of holes, the required transverse confinement of the field within the holes is of
the order λ/2.
Recently low-profile structures have been developed that can alter the electromag-
netic boundary condition of a metal surface that are much less than a quarter of a
wavelength thick. In Sievenpiper’s seminal work [53] on low-profile high-impedance sur-
faces (HIS), it was shown that a bound surface mode could be supported by a structure
that is a fraction of the wavelength. A schematic cross-section of the Sievenpiper ‘mush-
room’ structure together with a photograph of the top interface of the structure is shown
in Figures 7.1 (a) and (b). It can be visualised as a two-dimensional version of the cor-
rugated λ/4 slots, where the resonant cavity has been folded into a structure which has
a thickness significantly less than the wavelength of the probing radiation. Comprised
of an array of disconnected metal patches (also known as a frequency selective surface
(FSS) [116] connected to an untextured planar metal ground plane by metal vias, thus
forming a continuous conductive path. This structure can provide a high-impedance
boundary condition for both polarisations and for all propagation directions.
These low-profile high-impedance surfaces have two desirable properties, a surface
wave suppression band and a frequency band in which the reflection phase is between
±pi/2. (Note this surface wave suppression band is not due to the periodicity of the
structure). The reflection phase is defined as the phase of the reflected electric field
at the reflecting surface, referenced to the phase of the incident electric field at the
reflecting surface. Perfect electrical conductors (i.e. a low impedance surface) reflect
with a phase shift of pi, the electric and magnetic fields have a node and antinode at
the surface respectively. A perfect magnetic conductor (PMC) reflects with a phase
shift of zero, the electric field at the surface has an antinode and the magnetic field a
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node, resulting in a high surface impedance. At frequencies close to this PMC condition,
the frequency range at which the reflection phase is between ±pi/2 and is often called
the in-phase reflection band or artificial magnetic conductor (AMC) bandwidth. It is
possible to tailor the parameters of the system to overlap the surface wave suppression
and in-phase reflection frequency bands. Sievenpiper et al. studied the mushroom-type
structure in this limit since it is desirable in antenna design.
When the period of the structure is small compared to the wavelength of interest, a
highly simplified description of the response of the structure can be obtained by analysing
the structure as an effective medium. In doing so its surface impedance can be defined by
effective lumped-element circuit parameters determined by the geometry of the surface
texture. An effective sheet capacitance, C, arises from capacitive coupling between
adjacent patches due to their close proximity, while an inductance, L, originates from
current loops within the structure (Fig. 7.1 (c)). These form a parallel resonant circuit
(Fig. 7.1 (d)) that dictates the electromagnetic properties of the surface. Its surface
impedance is given by the following expression
ZS =
jωL
1− ω2LC . (7.2.1)
Below the resonant frequency, ω0 of the circuit,
ω0 =
1√
LC
, (7.2.2)
the surface is said to be inductive and therefore able to support bound TM surface
waves, whilst above ω0, the surface can be described as capacitive and therefore able
to support TE surface modes. At frequencies close to ω0, the surface impedance is
significantly higher than that of free space and no bound surface waves are supported.
However, as well as not predicting the full band structure, in particular the presence
of the surface wave suppression band, the effective medium approach, employed by
Sievenpiper, provides a rather limited picture of the physical mechanism responsible for
the behaviour of the structure. As previously discussed, the overlap of the surface wave
suppression and in-phase reflection bands (AMC) is not a mere coincidence, and is a a
key fact overlooked in Sievenpiper’s original study on these high-impedance surfaces. In
the literature significant efforts have been made to explain the physical origin of these
two distinct phenomena [54, 117–121]. Employing finite difference time domain (FDTD)
modelling techniques, Yang et al. [117] showed that for a specific set of parameters,
the in-phase reflection band and surface wave suppression band of a Sievenpiper-type
structure coincide. Using a two layer anisotropic uniaxial effective medium model, with
one layer corresponding to the layer containing the vias (metallic pins) and the other
to a layer containing the patches, Clavijo et al. [54] concluded that the surface wave
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Figure 7.1: (a) Schematic representation of Sievenpiper ‘mushroom’ structure.
(b) Photograph of the top interface of a Sievenpiper ‘mushroom’ structure. (c)
Origin of the equivalent circuit elements (i.e. the inductance, L, and capacitance,
C). (d) Equivalent circuit model for the high-impedance surface.
suppression band of a mushroom-type structure was governed by the normal components
of the permittivity and permeability tensors of the via array layer, and that the band
edges of the surface wave suppression and in-phase reflection bands need not correlate.
Further, to study the complex behaviour of the two phenomena, Li et al. [120] performed
parametric studies using numerical modelling techniques to ascertain how a variation in
each of the characteristic parameters of the structure affected its response. Tailoring the
ratio of the period of the structure to thickness of the structure was identified as a key
parameter in obtaining a simultaneous in-phase reflection and surface wave suppression
band.
In phase reflection bands can also be achieved from planar periodic metallic ar-
rays printed on grounded substrates [119, 122, 123]. Goussetis et al. [119] discussed
independently tuning the two bands on a uniplanar geometry comprising an array of
disconnected metallic patches on a grounded dielectric layer. Complicated fabrication
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issues were cited as a motivation for the desire to obtain the same behaviour as the
mushroom-type structure but without the via array layer. The AMC operation was
identified as being due to a resonance of the cavity formed between the periodic array
of metallic elements and ground plane. However the structure in Goussetis et al. study,
the surface wave bandgap, unlike for the mushroom-type structure, was identified as
being due to the array periodicity.
In many of the studies on low-profile high-impedance surfaces the disconnected patch
array comprises square patches in a square array with the via array placed centrally
underneath each patch. However, a sub-category of high-impedance surfaces commonly
referred to as polarisation-dependent electromagnetic band gap structures (PDEBG),
have also been reported in the literature. In PDEBG structures, the symmetry of the
system has been reduced such as to enable the observation of effects unobtainable in
structures with a higher degree of symmetry. For instance, FDTD methods have been
used to investigate the polarization-dependent reflection phase from a mushroom-type
structure where the anisotropy in the system has been increased by offsetting the via
array layer relative to the patch array [124, 125]. Further, the polarisation-dependent
reflection phase [124], as well as the surface wave band gap characteristics [126], have
been simulated using FDTD methods for a PDEBG structure in which the periodic
spacing and the metal patch are both rectangular. However, an insight into the physical
mechanism behind the predicted response is not discussed.
In this chapter the main focus is on the experimental characterisation of the disper-
sion of both the transverse magnetic (TM) and transverse electric (TE) modes supported
by two highly anisotropic low-profile high-impedance surfaces and to understand the
physical mechanisms behind their response. To date the experimental characterisation
of the dispersion of the modes supported by the Sievenpiper mushroom structure has
been limited to the studies of Lockyear et al. and Hibbins et al.. They used prism cou-
pling techniques to couple microwave radiation to the fundamental TM [39] and TE [67]
modes respectively supported by the structure. (In their studies, the periodic spacing
and metal patches were both square, with each via placed centrally underneath each
patch). However the disadvantage of using this technique is that the resonant frequency
is shifted due to the exponentially decaying fields associated with the surface mode sig-
nificantly penetrating into the wax prism. A compromise is made to achieve maximum
coupling strength, whilst the resonant frequency shows some dependence on the size of
the tunnelling gap between the sample and prism.
As in Chapter 5, blade-coupling techniques and phase-resolved measurements are
employed to characterise the modes supported by the two structures discussed in this
chapter. Advantageously this technique allows for the direct measurement of the disper-
sion of the modes supported by the structures without significantly perturbing the fields
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Figure 7.2: Photograph of (a) patch array and (b) Sievenpiper mushroom
structure. Co-ordinate system is shown.
associated with the modes. The response of two highly anisotropic low-profile struc-
tures are considered in this chapter; a Sievenpiper mushroom-type structure, the patch
array of which comprises rectangular patches in a rectangular array, and the equivalent
structure without the via array, which will henceforth be referred to as the patch array
structure.
As will be discussed in this chapter, the behaviour of the Sievenpiper mushroom
structure in particular, is rather complex. By exploring and comparing the modes
supported by a Sievenpiper-type and patch array structure, in which the symmetry of
the system has been reduced (by the rectangular patches in a rectangular array), one may
explore the effect that increasing the anisotropy has on the dispersion of the supported
modes, thus gaining a deeper understanding of the physical mechanisms responsible
for the observed effects. The anisotropy arising from the rectangular geometry is also
discussed.
7.3 Experimental Samples and Techniques
Two samples constructed from standard printed circuit board (PCB) materials are con-
sidered; the first is a rectangular array of 18 µm thick copper rectangular patches of
side lengths a = 3 mm × b = 2.5 mm, separated from a continuous metal ground plane
by a thin (dt = 0.787 mm) low loss dielectric layer (Nelco NY9220) characterised by a
permittivity of  = 2.22 + 0.002i (Fig. 7.2 (a)). The second, commonly referred to as
a Sievenpiper structure (Fig. 7.2 (b)), has an additional array of copper vias of radius
rv = 0.15 mm, placed centrally underneath each patch, forming an electrical connection
between the patches and ground plane. The resulting structure is subwavelength with
respect to the probing radiation (7.5 < λ0 < 10 mm), with a pitch of λa = 3.2 mm in
the x direction and of λb = 2.7 mm in the y direction.
Phase-resolved measurements and blade-coupling techniques, details of which can
be found in Section 3.2.3, are used to experimentally characterise the dispersion of the
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modes in the non-radiative region of reciprocal space (to the high wavevector side of
the light line.) However, it is also necessary to study the modes in the radiative region
(within the light line) in order to obtain the complete band structure. Here it is not
possible to directly couple freely propagating incident radiation to the supported modes
therefore a different technique is employed for determining the dispersion of the modes
in this region. The resonances are observed as reflectivity minima in the specular beam
due to power being dissipated into the dielectric core. From the information at which
these minima occur for a discrete set of incident polar angles (θ) using a free-space
measurement technique (see Section 3.2.1.3 for further details), one may characterise
the dispersion of the modes in this region.
7.4 Experimental Results
7.4.1 Plane containing Short Pitch ky
The experimentally characterised and numerically predicted modes supported by the
Sievenpiper and patch array structures in both the radiative and non-radiative regions,
when the plane of incidence contains the short axis of each structure, are discussed
in this section. Initially we consider the modes supported within the radiative region
(grey shaded region Fig. 7.3). The experimentally measured (circles) and predicted (red
curve) dispersion of the modes supported by the Sievenpiper and patch array structures
are shown in Figure 7.3 (a) and (b), respectively. The black dashed line corresponds to
the first Brillouin zone boundary. The lowest order mode supported by the Sievenpiper
structure is a TM mode (black circles Fig. 7.3 (a)) which will be referred to as the
TM0 mode from here on. Additionally, at higher frequencies, a second TM mode (TM1)
is observed (green circles, Fig. 7.3 (a)). This structure can also support TE modes,
the experimentally characterised dispersion of which is represented by the blue circles
in Figure 7.3 (a). On a comparison of these results to the response of the patch array
structure (Figure 7.3 (b)), it can be seen that the dispersion of the TE mode (blue
circles, Fig. 7.3 (b)) closely resembles that of the TE mode supported by the Sievenpiper
structure, as illustrated in Ref [67]. However, it is clear that the dispersion of the TM
modes change dramatically with the removal of the metal vias, with only one TM mode
being supported by the patch array structure. The TM mode (green circles, Fig. 7.3
(b)) supported by the patch array structure, which will be referred to as TM1, passes
through the TE mode, approaching the same limiting frequencies as the TM1 mode of
the Sievenpiper structure defined by the Brillouin zone boundary.
As discussed previously the most striking difference in the response of the two struc-
tures is the absence of a surface wave suppression band in the dispersion of the modes
supported by the patch array structure, i.e. frequencies at which a surface mode is not
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Figure 7.3: Experimentally characterised modes (circles) and predicted eigen-
modes (red curves) supported within the non-radiative (grey region) by the (a)
Sievenpiper and (b) patch array structure, when the plane of incidence contains
the short pitch of each structure. The crosses depict the predicted minima in
reflectivity associated with each mode supported by the structures within the
radiative region. Whilst the triangles and closed circles represent the experimen-
tally obtained data within this region. The black dashed line represents the first
Brillouin zone boundary.
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Figure 7.4: Signal measured at the detector horn associated with the TM1
(solid green curve) and TE mode (solid blue curve) supported by the patch array
structure, and the TM0 (black dashed curve) and TE (dashed blue curve) modes
associated with the Sievenpiper structure, when the plane of incidence contains
the short pitch.
supported (Fig. 7.3 (a)). This is illustrated further in Figure 7.4, which shows the
intensity of the signal detected at the second microwave horn when the plane of inci-
dence contains the short pitch of each of the stuctures. Frequencies at which a signal is
measured is indicative of a mode being supported by the structure. The solid green and
blue lines represent the signal associated with the TM1 and TE modes supported by the
array of patches, whilst the dashed black and blue lines represent the signal associated
with the TM0 and TE modes supported by the Sievenpiper structure. It can be seen
that there is a frequency band in which neither a TE or TM mode is supported by the
Sievenpiper structure (i.e. zero signal) between approximately 14GHz and 18GHz. This
behaviour is not observed in the response of the patch structure.
Next consider the modes supported in the radiative regions (Fig. 7.3) by both the
Sievenpiper and patch array structures. Each cross corresponds to a predicted mini-
mum in reflectivity in the free space measurement and each triangle and solid circle
an experimentally characterised reflection minimum. In Figure 7.3 (a) one observes
that the dispersion of the transverse electric mode (blue crosses) labelled TEFP, origi-
nates at ky = 0 and forms a continuous band with the TE mode supported within the
non-radiative regions. The behaviour of the TM modes is more complicated. Whilst
there is a transverse magnetic mode (green crosses), labelled TMFP, the dispersion of
which originates at ky = 0 and continues to disperse to high frequencies with increas-
ing wavevector, there is a second TM mode (black crosses) labelled TMvia. The TMvia
mode is not supported when radiation is normally incident on the sample (ky = 0). By
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comparison with the modes supported by the patch array structure within the radiative
region, it can be seen in Figure 7.3 (b) that both a TM (green crosses) and TE (blue
crosses) mode, labelled TMFP and TEFP respectively are observed, the dispersions of
which commence at ky = 0 and disperse to high frequency with increasing wavevector.
This TE mode forms a continuous band with the TE mode within the non-radiative
region.
7.4.2 Plane containing Long Pitch (kx)
Next the response of the Sievenpiper and patch array structures to radiation incident in
the plane containing the long pitch of each structure (Figure 7.5 (a) and (b) respectively)
are discussed. First consider the modes supported by the two structures within the non-
radiative region, the experimentally characterised modes are depicted by the circles
and the predicted eigenmodes by the red curves. It can be seen that, once again, the
Sievenpiper structure supports three modes; two TM modes, labelled TM0 (black circles)
and TM1 (green circles) and a TE mode (blue circles). As observed in the response of the
patch array structure to radiation incident in the plane containing the orthogonal pitch,
only two modes are supported by the patch array, a TE (blue circles) and a TM (green
circles) mode. The dispersion of the lower TM mode, TM0, is almost identical to that of
the TM0 mode supported by the mushroom-type structure when the plane of incidence
contains the short pitch. It is observed however, that the higher order TM mode (TM1)
approaches the Brillouin zone boundary (black dashed line) at a lower frequency when
the plane of incidence contains the longer pitch, whilst the TE mode approaches the
Brillouin zone boundary at a slightly lower frequency. The same observations are made
for the TM1 and TE mode supported by the patch array structure.
Next consider the modes within the radiative region. It can be seen that for both the
patch array and mushroom-type structure, a TE mode (blue crosses) labelled TEFP, and
TM mode (green circles) labelled TMFP are supported at kx = 0. Note the frequency
at which these modes are supported at kx = 0 are identical to those supported by the
structures when the plane of incidence contains the orthogonal pitch, but are excited
with the opposite polarisation. This can be understood from the rectangular geometry
of the system. Further discussion about this, as well as the nature of all the modes
discussed thus far will be presented later within this chapter.
7.4.3 Comparison of Experiment and Theoretical Predictions
First it is necessary to comment on the experimental data. Excellent agreement between
the dispersion of the experimentally characterised modes and predicted eigenmodes (cir-
cles and red curves respectively, Fig. 7.3 and Fig. 7.5), supported by both structures
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Figure 7.5: Experimentally characterised modes (circles) and predicted eigen-
modes (red curves) supported within the non-radiative (grey region) by the (a)
Sievenpiper and (b) patch array structures when the plane of incidence contains
the long pitch of each structure. The crosses depict the predicted minima in reflec-
tivity associated with each mode supported by the structures within the radiative
region. Whilst the triangles and closed circles represent the experimentally ob-
tained data within this region. The black dashed line represents the first Brillouin
zone boundary.
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in the radiative region is shown. However, it is of note that as observed in the experi-
mental data discussed in Chapter 5, which was obtained using the same blade-coupling
and phase-resolved measurement techniques, it has not been possible to characterise the
modes at high values of in-plane momentum. It is proposed that the inability to char-
acterise the mode at high k-values is due to the limitations of the experimental setup to
produce an evanescent wave with all k-values with sufficiently high intensities to excite
the mode.
The experimental data within the non-radiative region to the left of the light line
has been obtained for three discrete angles, θ = 10◦, 22◦ and 33◦, where θ is the angle
measured between the wavevector of the incident radiation and the normal to the struc-
ture. (Note this data was recorded by Ben Tremain and reproduced with permission.)
In general, good agreement is shown between experimental data (squares) and the pre-
dicted minima in reflectivity (crosses) in terms of the frequency at which the mode is
supported. However, for the lowest frequency TM mode labelled TMFP (green square)
supported by the Sievenpiper structure when the plane of incidence contains the long
pitch (Fig. 7.5 (a)), where the mode is particularly broad and shallow, it has been diffi-
cult to accurately experimentally obtain the resonant frequency of this mode. Further,
the agreement between the measured TE mode (solid blue circles) and predicted minima
in reflectivity (blue crosses) supported by the same structure, also when the plane of
incidence contains the long pitch, is particularly poor. Indeed the dispersion of the mode
appears to follow that as predicted and experimentally measured for the TMFP mode.
Since the equivalent mode supported by the patch array structure does not show such
discrepancies between the predicted and experimentally measured response, it therefore
can be concluded that an additional anisotropy within the via array layer is responsible
for the observed discrepancy. Indeed further modelling (not shown) reveals that this
TE mode is highly sensitive to the via array layer when it is tilted with respect to the
normal of the patch array layer, in the plane perpendicular to the plane of incidence.
7.5 Via-Array Thickness Dependence
Exploring the dependence of the modes supported by the mushroom-type structure on
the thickness of the dielectric layer (i.e. the thickness of the via array) reveals important
information about the nature and origin of the modes. Fig. 7.6 shows the predicted
response of the mushroom-type structure when the plane of incidence contains the long
pitch, for dielectric layers of thickness (a) 0.395 mm, (b) 0.787 mm, and (c) 1.517 mm.
One of the key observations is the fact that the dispersion of the mode labelled TMvia
(black crosses) shows a relatively weak dependence on the thickness of the via array
layer, compared to the dispersion of the modes labelled TMFP and TEFP (green and
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blue crosses, respectively). Additionally the lowest order TM mode (TM0) within the
radiative region (black curves) also displays a strong dependence on the thickness of the
dielectric layer. Further discussion of these observations will be presented in Section 7.6.
The fundamental resonant frequency of these structures can be calculated from the
geometrical parameters using an effective medium surface impedance (Zs). In the limit
of λa,b < λ0 and for normal incidence radiation, Zs may be expressed as [127]
Zs =
j η√r tan(k
′h)
1− (r+1)kDpi√r log2Dpiω tan(k′h)
. (7.5.1)
Here w represents the distance between nearest neighboring patches, r and h are
the dielectric constant and thickness of the dielectric core respectively, η is the free
space impedance and k′ = k√r where k is the free space wavevector. By plotting
Zs as a function of k the resonant frequency of the structure can be obtained from
the pole in equation 7.5.1. Numerically solving this equation for a dielectric thick-
ness of (a) 0.395 mm, (b) 0.787 mm, and (c) 1.517 mm predicts resonant frequencies at
27.14 GHz, 21.1 GHz and 12.9 GHz respectively (red dashed lines on Fig. 7.6 (a)-(c)).
Thus revealing a strong dependence on the thickness of the dielectric layer, and sug-
gesting that the fundamental resonance is due to a cavity mode in the dielectric core.
The reader should however treat the significance of these calculated resonant frequen-
cies with caution, since equation 7.5.1 is only valid when λa,b < dt, which is not true
for the structures considered in this work. They should be used as a guide to physical
understanding only.
7.6 Discussion
A deeper discussion of the modes supported by both structures, including the resonant
fields associated with each mode, is presented in the following sections. It will be shown
that the modes supported by the mushroom-type structure can be divided into two
categories, those whose existence relies on the via array layer and those which do not.
Before this discussion a brief summary of the key results discussed in Sections 7.4.1,
7.4.2 and 7.5 is presented.
• A transverse electric mode is supported by both the patch array and mushroom-
type structures, the dispersion of which is identical for both structures. The mode
commences at kx,y = 0 and forms a continuous band with the TE mode supported
within the non-radiative region.
• Two transverse magnetic modes are observed in both the radiative and non-
radiative regions in the response of the mushroom-type structure, whilst only one
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Figure 7.6: Predicted eigenmodes (solid lines) and minima in reflectivity
(crosses) associated with the modes supported by the Sievenpier mushroom struc-
ture within the non-radiative and radiative region respectively, when the plane of
incidence contains the long pitch, for dielectric layers of thickness (a) 0.395 mm,
(b) 0.787 mm, and (c) 1.517 mm. The black dashed line represents the first Bril-
louin zone boundary. The red dotted lines correspond to the resonant frequency
as predicted by expression 7.5.1.
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is observed in the response of the patch array structure.
• The dispersion of one of the transverse magnetic modes (TMFP) is observed at
kx,y = 0, whilst the other TM mode (TMvia) is only observed when kx,y 6= 0.
• The frequency at which the (TE/TM)FP pair are supported when radiation is
normally incident on the structure, are polarisation dependent.
• The dispersion of the pair of (TE/TM)FP modes within the radiative region, which
are observed at kx,y = 0, are strongly dependent on the thickness of the structure,
whilst the dispersion of the other TM mode (TMvia) is only weakly dependent on
the thickness of the via-array layer.
• A surface wave suppression band is observed in the response of the mushroom-type
structure which is not present in the response of the patch array.
7.6.1 TE Mode
In this section the transverse electric (TE) mode, previously shown to be supported
by both the patch array and the mushroom-type structures (Fig. 7.3 and Fig. 7.5) is
discussed. It has been observed that the dispersion of the TE mode is almost identical
for both structures, thus suggesting the mode is insensitive to the presence of the metal
vias. This observation can be understood by considering that when the polarisation of
the incoming wave is TE, the E-field is parallel to the ground plane and it does not
interact with the metallic vias. Essentially the textured substrate (via array layer) is
equivalent to a dielectric slab backed by a PEC substrate, with an array of patches on
top.
The predicted time-averaged (colour map) and instantaneous (arrows) magnetic field
profile of the TE mode supported by the Sievenpiper structure, plotted in the xz-plane,
when the plane of incidence contains the long pitch of the structure (plotted at kx =
818 m−1) are shown in Figure 7.7 (a). Red and blue regions correspond to high and
zero fields magnitude respectively. The mode is characterised by looping magnetic fields
around the patch. High fields (red regions) are observed between the patches. On
examining the time-averaged (colour map) and instantaneous (arrows) electric fields
plotted in a plane parallel to the xy−plane, at the centre of the dielectric layer (Fig.
7.7 (b)), it can be seen that the mode is strongly quantised along the short pitch of
the structure. On examining the equivalent modes to those shown for the mushroom
structure in Fig. 7.7 (a) and (b), for the patch array structure (Fig. 7.7 (c) and (d)), it
can be seen that the field profiles are very similar, and as expected the presence of the
via array perturbs the fields minimally.
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Figure 7.7: Time-averaged (colour) and instantaneous (arrows) (a) magnetic
field plotted in the xz-plane and (b) electric field plotted in the xy-plane, asso-
ciated with the TE mode supported by the mushroom-type structure, plotted at
kx = 818 m
−1. Time-averaged (colour) and instantaneous vector (c) magnetic
field plotted in the xz-plane and (d) electric field plotted in the xy-plane, associ-
ated with the TE mode for the patch array structure, plotted at kx = 818 m
−1.
Red and blue regions correspond to a high and zero field magnitude, respectively.
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The TE mode can be described as a Fabry-Perot (FP)-like mode guided by the
dielectric layer. It can be viewed simply as a modified version of the fundamental
mode supported by a grounded dielectric slab, with a perturbation attributed to the
array of patches. For a grounded dielectric slab a family of modes are supported at
frequencies corresponding to integer number of λ/4 quantisations within the layer. The
tangential electric-field must fall to zero at the ground plane, and the boundary between
the dielectric layer and air will act as a poor mirror. These modes are supported above
a cutoff frequency determined by the thickness of the structure and the permittivity of
the slab () [76]. The cutoff frequency is determined by equation
f =
c
4t
√
− 1 , (7.6.1)
where t is the thickness of the structure and  is the permittivity of the dielectric
layer.
Now we introduce the patch array layer back into the system. The field will be
highly compressed in the patch layer and it will have a much higher reflection coefficient
as the layer can be considered as having a very high permittivity. The total phase shift
supplied by the array of patches and the substrate must be equivalent to one quarter
of a wavelength. The mode commences at kx,y = 0 at the ‘skewed’ λ/4 resonance and
disperses upwards in frequency, passing through the light line and forming a continuous
band with the non-radiative branch of the mode, where it is a trapped mode with
evanescent decay into the air. At the Brillouin zone boundary the group velocity of the
mode must fall to zero, however this is an artificial limiting frequency, purely dictated
by the periodicity of the structure. As expected for a Fabry-Perot (F-P)-type mode,
this mode is highly dependent on the thickness of the structure as shown in Figure 7.6.
Note that due to the rectangular geometry of the structure, the frequency at which the
mode originates is also polarisation-dependent.
7.6.2 TM1 Mode
A grounded dielectric slab can also support transverse magnetic modes [76]. It is not
surprising therefore that a TM F-P-type mode is also observed in the response of both
the Sievenpiper and patch array structure. The fundamental TM mode supported by
a grounded dielectric slab does not have a cutoff frequency, a TM mode can be sup-
ported for arbitrary thicknesses. The mode is characterised by a dispersion to the high-
wavevector side of the light line, originating from the origin. Relating this to the patch
array structure, it can be seen that the dispersion of the fundamental TM mode (TM1)
in the non-radiative region (green circles, Fig. 7.3 (b) and Fig. 7.5 (b)) closely follows
the light line at low frequencies, experiencing a limiting frequency due to the periodicity
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of the structure at the Brillouin zone boundary. Due to the in-plane anisotropy of the
structures, this limiting frequency will be dependent upon the pitch contained within
the plane of incidence. For the Sievenpiper structure the TM1 mode (green circles Fig.
7.3 (a) and Fig. 7.5 (a)) is only supported at frequencies above the TE mode. Note that
this mode is not predicted by the effective medium approximation, in which, above the
resonant frequency, the impedance of system is said to be capacitive, and only able to
support TE modes.
The predicted time-averaged (colour map) and instantaneous vector (arrows) electric
fields plotted in the xz-plane at kx = 818m
−1 associated with the TM1 mode supported
by the Sievenpiper structure and patch array structure are shown in Figure 7.8 (a) and
(c), respectively. Red and blue regions correspond to high and zero field magnitude
respectively. Figure 7.8 (b) and (d) show the predicted time-averaged (colour map) and
instantaneous vector (arrows) electric field profiles plotted in the xy-plane at the centre
of the dielectric layer at kx = 818m
−1 of the TM1 mode supported by the Sievenpiper and
patch array structure, respectively. It can be seen that the mode is strongly quantised
along the long pitch of the structure underneath the patch. Note the fundamental TM
mode supported by the patch structure is analogous to the fundamental TE waveguide
mode supported by a rectangular hole within a PEC substrate.
In the radiative region a F-P-like guided mode, similar to the TE mode discussed
in the previous section, is observed. The predicted dispersion of this mode is depicted
by the green crosses in Fig. 7.3 (b) and 7.5 (b). Obviously, for a square geometry,
the frequency at which these two modes would occur at kx,y = 0 would be degenerate.
However, for the rectangular geometry under consideration in this study, the two modes
split, with each polarisation sensitive to orthogonal periodicities. It is also shown that
the TMFP mode disperses differently with frequency for the case when there is a via
array layer within the dielectric when compared to the no-via. This is expected, since
the incident electric field contains a component normal to the via array layer.
7.6.3 TM0 Mode
The second family of transverse magnetic (TM) modes are associated with the via array
layer and are only supported by the Sievenpiper structure. In fact it will be shown
that their existence is reliant on the presence of the via array layer. The time-averaged
(colour map) and instantaneous (arrows) electric field profile, plotted in the xz-plane,
associated with the TM0 mode (black circles Fig. 7.3 (a) and Fig. 7.3 (a)) at a value
of kx = 818 m
−1 is shown in Figure 7.9 (a). Red and blue regions correspond to high
and zero field magnitude, respectively. It can be seen that the mode is characterised
by electric fields looping around the patches and metallic pins. On examining the time-
averaged (colour map) and instantaneous (arrows) magnetic field profile in the xy- plane
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Figure 7.8: Time-averaged (colour map) and instantaneous (arrows) (a) mag-
netic field plotted in the xz-plane and (b) electric field plotted in the xy-plane,
associated with the TM1 mode supported by the mushroom-type structure, plot-
ted at kx = 818 m
−1. Time-averaged (colour map) and instantaneous (arrows)
(c) magnetic field plotted in the xz-plane and (d) electric field plotted in the
xy-plane, associated with the TM1 mode for the patch array structure, plotted
at kx = 818 m
−1. Red and blue regions correspond to a high and zero field
magnitude, respectively.
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Figure 7.9: Time-averaged (colour map) and instantaneous (arrows) (a) mag-
netic field profile in the xz-plane and (b) electric field plotted in the xy-plane,
associated with the TM1 mode for the mushroom-type structure, plotted at
kx = 818m
−1. Red and blue regions correspond to a high and zero field magnitude
respectively.
at the centre of the dielectric core, it can be seen that unlike for the TE and TM1
modes, the associated fields of which are strongly quantised along the length of the
patch, the magnetic fields have a strong circumferential component. It is clear this
mode is associated with the via array layer.
This mode can only ever be excited by an incident field with an electric vector
component normal to the array of pins (i.e. the via array layer). Therefore, as discussed
previously, the mode associated with the via array layer within the radiative region
labelled TMvia (black crosses and squares Fig. 7.3 (a) and Fig. 7.5 (a)) can only be
supported when kx,y 6= 0. It is also worth reminding the reader that the dispersion of
this mode within the radiative region is independent of the thickness of the via array
layer, the reason for this will be discussed in due course. The fundamental transverse
magnetic mode (TM0) supported by the mushroom structure in the non-radiative region
(black circles Fig. 7.3 (a) and Fig. 7.5 (a)) closely follow the light line at low frequencies
and at high values of wavevector the mode is characterised by a negative dispersion (the
physical mechanism behind which will be discussed later on in this chapter). It also
defines the lower band edge of a surface wave suppression band that occurs between the
fundamental TM mode and fundamental TE mode.
The via array (i.e. a regular lattice of ideally conducting wires with small radii
compared to the lattice period and wavelength) in microwave applications is known as
an artificial dielectric or rodded medium [128, 129]. For electric fields polarised parallel
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to the wires, the medium is characterised by a frequency-dependent effective dielectric
constant, with an effective plasma frequency [129]. Assuming the wires are very thin,
for electric-field polarisation perpendicular to the wires, the effective permittivity is r
(i.e. that of the surrounding medium). Clavijo [54] showed that the Sievenpiper mush-
room structure also exhibits a frequency-dependent permittivity. Adopting an effective
medium approach, Clavijo et al. modelled the structure as a two-layer anisotropic uni-
axial material in both permittivity and permeability, with the top layer representing the
array of patches and the bottom layer the via-array substrate. It was shown that the
via array layer is highly anisotropic; the effective permittivity in the direction normal
to the surface (z) is characterised by a Drude-like dispersion with a negative real part
up to a cutoff ‘plasma’ frequency, whilst in the transverse direction x and y are equal
and positive. In other words z exhibits a ‘plasmonic’ response.
The surface mode supported at the interface between a plasmonic metal and a dielec-
tric will asymptotically approach a limiting frequency when the real part of the dielectric
function is equal but opposite to the real part of the dielectric function of the dielec-
tric, i.e. the ‘cutoff’ frequency described by Clavijo. At higher frequencies, when the
dielectric functions of both the metal and dielectric are positive, the mode is no longer
bound to the surface. Specifically at the plasma frequency, the real part of the permit-
tivity is zero, and the wavelength inside the material tends to infinity. The predicted
insensitivity of the TMvia mode (which is supported within the radiative region) to the
thickness of the via array layer (Fig. 7.6) can be explained using the plasmonic analogy;
the frequency at which the dispersion of the mode originates within the radiative region
corresponds to the frequency at which the effective permittivity is zero and a small
change in the thickness of the via array layer is not expected to perturb the dispersion
of the mode significantly. Further the insensitivity of the dispersion of the TM0 mode to
the periodicity of the structure (i.e. whether the plane of incidence contains the long or
short axis) can also be explained by the fact that this mode is highly dependent on the
properties of the via array layer and not the array of patches. Therefore the anisotropy
within the patch array layer will not have a strong effect. However a variation in the
thickness of the dielectric core (via array layer), will strongly affect the dispersion of
this mode as shown in Figure 7.6.
The origin of the negative dispersion of the lowest order TM mode (TM0) supported
by the Sievenpiper structure in the non-radiative regime can be understood by con-
sidering the ratio of the power flow associated with the mode in the dielectric region
above the structure, and within the via array layer. An effective medium model has
been employed to produce the modelling discussed in the remainder of this thesis. The
work has been undertaken by Dr Ian Hooper and is reproduced with permission. The
reflectivity and field profiles have been calculated using an in-house multilayer optics
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Figure 7.10: (a) Magnitude of reflection coefficient (grey scale) plotted on a
log10 scale. (b) Scaled Poynting vector in medium 1 and medium 2 as a function
of distance z in mm normal to the structure, for different values (solid lines) of
in-plane wavevector (kx). The dashed line represents the boundary between the
two media. (c) Ratio of the magnitude of the integrated power in the two media
(solid line). The horizontal dashed line represents the point at which the power
flow into each medium is equal.
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code based on the 4x4 Berreman method [130], and allows the fields of both radiative
and non-radiative modes to be calculated.
The system under consideration is a 1 mm thick anisotropic medium upon a ground
plane, referred to as medium one and represents the via layer of the Sievenpiper struc-
ture. The patch array structure is not needed in order to replicate the TM0 mode. The
normal component of the permittivity tensor of the layer is given by  = 2.2 + 0.1i− ω2p
ω2
,
and the in-plane permittivity given by  = 2.2 + 0.1i. Medium two, which bounds
medium one is air. The predicted dispersion of the mode supported by structure is
shown in Figure 7.10 (a). The grey scale represents the magnitude of the reflection
coefficient on a log10 scale. Since bound modes correspond to poles in the reflection
coefficient, white regions to the high wavector side of the light line (solid black like)
represent the dispersion of the mode. At high wavevector the mode is characterised by
a negative dispersion, in agreement with numerical predictions in Figure 7.3 (a) and
Fig. 7.5 (a).
The fields of the modes for various values of kx have been obtained and used to
calculate the Poynting vector (Figure 7.10 (b)) as a function of distance through the
system (where z = 0 is the boundary between the two media), the Poynting vector has
been scaled for clarity (solid lines). It can be seen that power flow in each medium is
strongly dependent on kx. Note that due to the negative value of the normal component
of the permittivty, the power flow in medium one is in the opposite direction to that in
the bounding dielectric. At kx = 400 m
−1 (black curve), a much greater portion of the
power flow is in the dielectric region, whilst at kx = 1400 m
−1, a greater portion of the
power flow is in medium one. Note that maximum power flow is at the ground plane
(i.e. z = 1 mm) in medium one, indicating that the mode resembles a guided mode in
region one. The ratio of the magnitude of the integrated power in each medium is shown
in Figure 7.10 (c). Here the horizontal line is indicative of where the power flow in each
medium is equal, which corresponds to the value of kx ≈ 765m−1. Since the power flow
is in opposite directions in each medium, the net power flow is zero. On inspection of
Figure 7.10 (a) one notes that this value of kx corresponds to the region of the dispersion
with zero group velocity as one would expect. For wavevectors less than this, a greater
portion of the power is in the dielectric region than in medium one and the dispersion
of the mode is positive, whilst at wavevectors greater than this, more power flow is in
medium one and the dispersion of the mode is negative.
7.7 Conclusions
In this chapter the anisotropy arising from the rectangular geometry of a Sievenpiper
‘mushroom’ structure and a similar patch-array structure have been characterised. Blade-
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coupling techniques and phase-resolved measurements have been used to directly mea-
sure the dispersion of both the TM and TE modes supported by the structure in the
non-radiative region. It has been revealed that two families of modes are supported by
the Sievenpiper structure, with the existence of one family dependent on the via array
layer and a second displaying similar character to those supported by the patch array
structure. Further it has been discussed that via array layer within the Sievenpiper
structure is highly anisotropic; with an effective permittivity in the direction normal to
the surface characterised by a Drude-like dispersion with a negative part up to a cutoff
‘plasma’ frequency. Lastly it is shown that the dispersion of the lowest order TM mode
supported by the Sievenpiper structure in the non-radiative region is determined by the
relative power flow of the mode in the via-array layer and the region which it bounds.
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8.1 Summary of Thesis
The work presented in this thesis focuses on the experimental investigation of structurally-
dictated or ‘spoof’ surface waves supported by periodically textured metallic (pseudo-
plasmonic) structures in the microwave regime. Two different geometries are considered;
a near-perfectly conducting substrate perforated with an array of periodic holes and the
Sievenpiper ‘mushroom’ structure, a discussion of the limiting frequency of the modes
supported by which, has been presented. Through the work discussed in this thesis, it
has been shown that increasing the anisotropy of a structure through the modification of
the shape and/or arrangement of the constituent subwavelength elements allows access
to modes and phenomena unavailable in structures with higher symmetry.
In Chapter 4, 5 and 6, the geometry upon which the propagation of surface waves
has been studied is that of near-perfectly conducting substrates perforated with arrays
of holes. They have been investigated at frequencies close to the fundamental resonance
of the holes (dictated by the cutoff frequency of the hole). Initially, in Chapter 4 an
array of holes with square geometry is considered. The holes are close-ended and the
azimuthally-dependent reflectivity response of the structure, at a fixed polar angle, has
been used to obtained information about the modes supported by the structure. Due
to its high symmetry, it serves as an ideal structure for investigating grating-coupling
to surface modes supported by the hole array. Since the structure and wavelength of
the probing radiation are comparable at frequencies close to the fundamental resonance
of the hole (i.e. the limiting frequency of the surface mode), it has been shown that
the position of the coupling-in grating, relative to the hole array, can greatly alter the
dispersion of the surface modes supported by the structure.
It has also been shown in Chapter 4 that when the grating, which has a periodicity
(2d) twice that of the pitch of the hole array, comprises metallic rods and is placed on top
of the metal regions of the hole array, a single mode is observed below the fundamental
resonance of the hole array. This mode is the lowest order surface wave supported
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by the structure. However, when the metallic coupling in grating is placed over the
dielectric regions of the hole array (at a position of a/3 : 2a/3, such as to maintain
the 2d periodicity of the structure and equivalent boundary conditions on each hole) it
is found that two modes are observed at frequencies below the fundamental resonance
of the hole array. These modes correspond to the upper and lower band edges, of the
lowest order surface wave, supported at frequencies below the fundamental resonance
of the hole. The observation of these modes is attributed to the reduced symmetry of
the coupling-grating. Of particular note is the ability to ‘switch off’ the broad deep
mode, associated with the upper band edge of the surface mode, supported below the
fundamental resonance of the hole array, by breaking electrical contact between the
substrate and the grating. This is attributed to the field distribution of this mode
not being maintained when the electrical connection is broken. Good agreement with
numerical predictions is shown.
In Chapters 5 and 6, the concept of pseudo-plasmonic surfaces has been extended
to include structures with a high degree of surface symmetry. In Chapter 5, the fun-
damental resonance in the orthogonal directions is different, therefore the frequency to
which the dispersion of the surface waves supported by the structure is limited, varies
with sample orientation, resulting in an ellipsoid of limiting frequencies. The surface
asymmetry of the rectangular hole array studied in this chapter provides an additional
degree of freedom in the manipulation of designer surface waves. Whilst the width of
the hole in one direction (i.e. axˆ) dictates the resonant frequency for an incident po-
larisation (electric vector) directed along the y-direction, the pitch in the orthogonal
direction (i.e.λbyˆ) dictates the onset of diffraction. New capabilities of directly measur-
ing the dispersion of the mode were employed, in particular the technique for obtaining
the dispersion of the higher-order modes was developed.
In Chapter 5, it was shown that when the incident plane contained the short pitch
of the structure, the family of surface modes associated with the quantisation of the
field within the holes along the orthogonal direction could readily be measured in the
non-diffracting regime. This is because the onset of diffraction occurs significantly above
the fundamental resonance of the array of holes. However when the plane of incidence
contains the orthogonal longer pitch, the surface mode approaches its limiting frequency
above the onset of diffraction. It does so whilst displaying very limited dispersion. The
experimentally observed results agree well with numerical predictions.
A reduced-symmetry hole array with zigzag geometry, characterised by a modulation
in the plane of the incident wavevector (when the plane of incidence contains the long
pitch of the structure) and an orthogonal mirror plane has been discussed in Chapter
6. The recorded ‘enhanced transmission’ through the hole array, is attributed to the
excitation of diffractively coupled surface waves. Due to the inherent periodicity of
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the zigzag structure, unlike in Chapter 4, direct coupling of incident radiation to the
surface modes can be achieved, without the requirement of an additional coupling-in
grating. Further, due to the reduced symmetry of the zigzag hole array, polarisation-
dependent excitation of individual surface wave bands is observed. It is concluded that,
as confirmed by numerical predictions, the orientation of the incident electric field with
respect to the mirror plane is key to understanding the polarisation-dependent response
of the zigzag hole array.
Finally in Chapter 7, a low-profile sample in the form of a Sievenpiper ‘mushroom’
structure is investigated, it is also shown to support structurally-dictated surface modes,
the dispersion of which have been directly mapped using blade-coupling and phase-
resolved measurement techniques (as in Chapter 5). The response of the structure is
shown to be rather complex when compared for instance, to the response of a patch array
with a similar geometry or indeed a hole array with the same symmetry. Both transverse
electric (TE) and transverse magnetic (TM) modes are supported by the Sievenpiper
structure (unlike for the hole array structures which are only capable of supporting
TM modes). The anisotropy arising from the rectangular geometry of the Sievenpiper
structure is characterised and compared to a more simple patch array structure with
the equivalent symmetry. The ‘plasmonic’-like response of the normal permittivity of
the via array is discussed. Modelling the via array layer as thick anisotropic medium
upon a ground plane, the fields of the mode supported by this layer, for various values
of in-plane wavector have been obtained and used to calculate the Poynting vector as a
function of distance through the system. From this it has been shown that the dispersion
of the lowest order TM surface mode supported by the Sievenpiper structure is dictated
by the relative power flow of the fields of the surface mode in the via array region
and the bounding medium. The finding presented in this chapter show that a deeper
understanding of the origin of the modes supported by the structure have been obtained,
thus extending previous knowledge of the structure reported in the literature.
8.2 Future Work
Possible suggestions for extending the work in this thesis include investigations into hole
arrays and Sievenpiper (and the simpler patch array) structures with symmetries further
reduced than those discussed within this thesis.
For example, within Chapter 6 of this thesis, it was shown that the polarisation-
dependent excitation of the individual surface waves band was attributed to the reduced
symmetry of the system. It was shown that the orientation of the electric vector with
respect to the mirror plane was key to understanding the response of the structure.
However, it may be potentially interesting to investigate a hole array with zigzag geom-
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(a)
Figure 8.1: Time-averaged (colour map) and instantaneous vector electric fields
(arrows), plotted in the centre of the dielectric core, of the first six modes sup-
ported by a ‘zigzag patch array’ structure. Red and blue regions correspond to
high and zero field enhancement respectively.
etry, the unit cells of which, do not contain any mirror planes. However, given that the
limiting frequency of the surface modes supported by the array is dictated by the fre-
quency at which the localised modes of the hole are supported, it would be advantageous
to ensure each hole within the array supports a localised mode at the same frequency.
In doing so, the increased anisotropy would have to arise from the pitch of neighbouring
pairs of elements being different. Filling the holes with different dielectric materials may
be a way of tuning the resonances supported by the holes, such that, even if the size
of the hole in neighbouring elements was designed to be different (to account for the
requirement of the pitch of neighbouring elements to be different) each hole would still
support localised modes at identical frequencies. It is anticipated that recording the
‘enhanced’ transmission through the structure at several different azimuthal angles may
yield interesting polarisation-dependent results.
Further, an obvious extension of the work in Chapter 7 would be to explore the
response of a Sievenpiper-type and simpler patch array structure with reduced symmetry.
In particular it may be interesting to compare the response of the zigzag hole array
structure to for instance, a Sievenpiper and patch array structure, the patch array
of which comprises arrays a rhombic-shaped patches in a ‘zigzag geometry’. Whilst
diffraction from the dual periodicity is expected to be a much weaker perturbation on
the band structure than that observed in the response of the zigzag hole array. It is
anticipated, due to the novel symmetry of the modes supported underneath each patch
(as shown in Fig. 8.1 for ‘a zigzag patch array’) in the dielectric layer, that a highly-
anisotropic response as a function of azimuthal angle would be observed.
Finally it may be favourable to spend some time developing the technique in which
the dispersion of the surface mode is directly recorded using phase-resolved measure-
ments. In particular it would be advantageous to explore methods to extend the region
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of k-space that the surface modes can be experimentally characterised. Exploring dif-
ferent excitation techniques may possible be a route to achieving this, with the ultimate
aim of being able to experimentally characterise the negative slope of the dispersion of
the lowest order TM surface mode supported by the Sievenpiper structure in Chapter
7.
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